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Abstract 
 Butanol is a potential alternative to ethanol and offers many benefits including a much higher heating value 
and lower latent heat of vaporization. It also has a higher cetane number than ethanol and improved miscibility in 
diesel fuel. Additionally, butanol is less corrosive and less prone to water absorption than ethanol, which allows it to 
be transported using the existing fuel supply pipelines. However, while some previous research on the emissions of 
butanol-gasoline blends is available, little research exists on the emissions of neat butanol.  
 This thesis focuses on two areas of study. The first area relates to on the comparison of UHC, NOx, and CO 
emissions of several butanol-gasoline and ethanol-gasoline blended fuels during combustion in an SI engine. The 
objective was to compare the emissions of butanol combustion to the ones of ethanol and gasoline. The second part 
of the study relates to the use of electrostatically assisted injection as a means of reducing the UHC emissions of 
butanol by decreasing the fuel droplet size using a charge electrode and extraction ring designed for a port fuel 
injector. Emissions measurements taken with and without a charge applied to the injector were used to determine the 
effect of applying a voltage to the fuel spray on engine emissions. 
 It was established that the UHC emissions of neat butanol were approximately double the UHC emissions 
of gasoline and were appreciably higher than ethanol. CO emissions decreased and NOx emissions increased as the 
amount of butanol in gasoline was increased. Additionally, the CO emissions of butanol were lower than ethanol 
while it was not clear whether butanol had increased or decreased NOx emissions. It was also established that 
addition of 25% ethanol to butanol resulted in UHC emissions that were approximately 33% higher than those of 
neat butanol despite ethanol producing approximately 33% less UHC emissions than butanol. The results of the 
electrostatically assisted injection tests showed that, at certain engine operating conditions, application of 2000 V to 
the fuel spray resulted in a 10% increase in peak cylinder pressure,  4% reduction in UHC emissions, a 13.5% 
increase in NOx emissions, and a 13.5% reduction in CO emissions, which is consistent with the hypothesis that the 
voltage increased fuel atomization. However, tests at lower engine loads showed results contradictory to those at the 
higher engine load which suggested that the fuel droplet size may vary depending on engine operating conditions. 
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Chapter 1 
Introduction 
1.1 Butanol in Internal Combustion Engines 
 Rising fuel prices and increased oil consumption along with the lack of sustainability of 
oil-based fuels have generated an interest in alternative, renewable sources of fuel for internal 
combustion engines, namely alcohol-based fuels. Currently ethanol is the most widely used 
renewable fuel in the United States with up to 10% by volume blended in to gasoline for regular 
engines or up to 85% for use in Flex-Fuel vehicles designed to run with higher concentrations of 
ethanol. Ethanol can also be used as a neat fuel in spark-ignition (SI) engines or blended up to 
40% with Diesel fuel for use in compression-ignition (CI) engines [1-2]. Ethanol was introduced 
as a replacement for methyl tertiary butyl ether (MTBE) when it was realized that MTBE leaked 
onto the ground at filling stations resulting in the contamination of large quantities of 
groundwater. Ethanol is biodegradable, less detrimental to ground water, and has an octane 
number much higher than gasoline as well as having a positive effect on vehicle emissions [3]. 
However, there are several drawbacks to ethanol. While ethanol is soluble in gasoline, additives 
are required to ensure its solubility in diesel fuel especially at lower temperatures and addition of 
ethanol to diesel fuel can reduce lubricity leading to wear problems in fuel pumps [4]. Due to the 
lower cetane number of ethanol, cetane enhancing additives are usually required to improve 
ignition delay and reduce cyclic irregularities [5-7]. Perhaps most important of all is that ethanol 
has a much lower flash point than diesel fuel and higher vapor formation potential which can 
lead to safety issues in confined spaces [8].  
 Butanol is a viable alternative to ethanol and offers several benefits over ethanol. Ethanol 
is fully miscible in water [9] and thus cannot be transported using existing fuel supply pipelines 
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[10] whereas butanol is less corrosive than ethanol and is less prone to water contamination [11] 
allowing it to be transported using existing fuel supply pipelines [12]. Moreover, butanol has a 
heating value of 36.4 MJ/kg compared to 24.8 MJ/kg for ethanol which is much closer to the 
44.9 MJ/kg of gasoline [13]. This, combined with the higher stoichiometric air-fuel ratio, allow 
higher blending levels of butanol in gasoline than ethanol without changing regulations, engine 
control systems, and distribution networks [14]. Additionally, butanol has a lower latent heat of 
vaporization than ethanol which could reduce issues with fuel atomization and combustion 
during cold start conditions typical of alcohol fuels. Butanol also offers benefits over ethanol for 
use in CI engines including a higher cetane number, lower vapor pressure, and improved 
miscibility in diesel fuel [4]. Table 1.1 shows the properties of n-butanol in comparison with 
those of gasoline, ethanol, and methanol and Figure 1.1 shows the molecular structures of the 
four butanol isomers. n-butanol (or 1-butanol) is used for the rest of this study since it is the main 
component in biobutanol [15].  
  
 
  
 
n-butanol Iso-butanol sec-butanol tert-butanol 
Figure 1.1 Molecular structures of the four butanol isomers 
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Table 1.1 Properties of gasoline, n-butanol, ethanol, and methanol [15-16] 
Fuel Gasoline regular 
(PON 87) 
n-Butanol Ethanol Methanol 
Chemical formula CH1.87 C4H9OH C2H5OH CH3OH 
Specific gravity (kg/dm
3
) 0.7430 0.8097 0.7894 0.7913 
Lower heating value (MJ/kg) 42.9 32.01 26.83 20.08 
Stoichiometric air-fuel ratio 
(kgair/kgfuel) 
14.51 11.12 8.94 6.43 
Energy density of a stoichiometric 
air-fuel mixture (MJ/kg) 
2.769 2.641 2.699 2.750 
Latent heat of vaporization (at 
boiling point) (kJ/kg) 
349 584 838 1098 
Octane number (RON+MON)/2 87 86 100 99 
 
 A well-to-wheels analysis of corn-based butanol as a transportation fuel showed that, on a 
life-cycle basis, the use of corn butanol could result in fossil energy savings of 39%–56% when 
compared with the use of gasoline and greenhouse gas emission reductions of 32-48% [17]. In 
addition, several companies have announced production of bio-butanol including Cobalt 
Technologies which recently began producing a 12% blend of biobutanol with gasoline from 
non-food feedstock such as forest waste and mill residues [18] and a joint venture between BP, 
British Sugar, and DuPont which will retrofit a wheat-based ethanol plant to produce biobutanol 
starting in 2013 [14]. TetraVitae Bioscience, located in Chicago, IL and cofounded by Dr. Hans 
Blaschek, has successfully completed a demonstration of the process (compatible with cellulosic 
feedstocks) to produce renewable n-butanol using a corn dry-mill pilot plant with the goal of 
creating economically competitive renewable n-butanol for the coatings, plastics, personal care, 
and packaging industries [19]. 
 The processes for producing butanol were established in the early-to-mid 1900s [20]. 
Acetone-butanol-ethanol (ABE) fermentation uses bacterial fermentation to produce acetone, n-
butanol, and ethanol and was used during World War II, mainly to produce acetone. Currently  
cost of production of butanol is significantly higher than ethanol [21] although economic studies 
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suggest that corn-based butanol can be produced for $1.93/gal whereas corn-based ethanol can 
be produced for $1.53/gal and bio-diesel can be produced for $2.55/gal ($2.48 equivalent to 
gasoline) [20]. Continued research into its production through fermentation of agricultural 
feedstock shows promise in significantly reducing the cost of production by reducing butanol 
toxicity to the fermentation culture and increasing product recovery via pervaporation and gas 
stripping [22-23]. Recent research has shown the potential to produce butanol more efficiently 
with the use of the fermentation microorganism clostridium beijerinckii [24]. Moreover, non-
fermentative production of butanol has been suggested [25] along with the production of iso-
propanol instead of acetone [26]. 
 
1.2 Previous Studies of Butanol combustion and use in Spark Ignition Engines 
 Several studies have already been performed in order to investigate the use of butanol in 
SI engines either blended with gasoline or as a neat fuel. While several studies on the use of 
butanol in Diesel engines have been performed (e.g. [4, 27]), this is beyond the scope of this 
thesis, so studies pertaining to Diesel engines are not included in the review that follows.  
 The first recent study using butanol in an SI engine was by Rice et al. [28] who measured 
emissions levels for CO, NOx, and unburned fuel (UBF) for 20% by volume blends of methanol 
ethanol and butanol in gasoline in a four-cylinder spark-ignition engine under a variety of 
operating conditions. It was found that the alcohol blended fuels exhibited lower CO emissions 
than pure gasoline mainly due to a “leaning” effect caused by the lower stoichiometric air-fuel 
ratios of the fuels due to their partially oxidized nature. It was also found that butanol and 
gasoline had similar UBF emissions whereas ethanol and methanol had higher values, especially 
in the lean region. Lastly, it was found that NOx levels were modestly lower for the alcohol fuels 
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due to their lower energy densities resulting in lower peak flame temperatures.  Additionally, 
Alasfour [29] conducted several studies on isobutanol-gasoline blends which focused on engine 
performance characteristics (brake specific fuel consumption, exhaust gas temperature, and 
thermal efficiency) and the effects on the first- and second-law efficiency of an SI engine [30]. 
The influence of preheating the inlet air and ignition timing on NOx emissions and the effects of 
equivalence ratio, ignition timing, and engine speed on unburned hydrocarbon emissions were 
examined in [31-33].  
 Yacoub, et al. [13] examined blends of alcohols and gasoline with carbon numbers C1 to 
C5 (methanol to n-pentanol) on the basis of the oxygen content of the fuel. The results indicated 
that fuels blended with higher alcohols (butanol and n-pentanol) had lower knock resistance than 
neat gasoline. In addition, all alcohol blends had lower CO and UHC emissions and the blends 
with oxygen contents of 5% had higher NOx emissions due to the lower enthalpies of 
vaporization and higher flame temperatures of the fuels.  Gautam, et al. [16, 34] further 
investigated the combustion and emissions characteristics of higher alcohol-gasoline blends 
using a CFR engine. It was found that the brake-specific emissions were lower for all of the 
blends due the greater knock resistance of the fuels allowing higher compression ratios to be 
used and that knock resistance was mainly a function of the oxygen content of the blend. Ignition 
delay and in-cylinder pressure data showed that the higher-alcohol/gasoline blends had higher 
flame speeds which were also attributed to the higher oxygen content of the fuel. Lastly, it was 
found that the brake specific fuel consumption was 15-19% lower for the alcohol-gasoline 
blends. 
 Dernotte, et al. [35] examined the emissions characteristics of several butanol-gasoline 
blends on a volume basis using a port fuel-injection spark-ignition engine and found that B60 
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and B80 produced 18% and 47% more UHC emissions than neat gasoline, respectively, as 
shown in Figure 1.2. B80 also displayed a noticeable decrease in NOx emissions at all 
equivalence ratios tested as a result of the combustion deterioration evidenced by increased UHC 
emissions; peak NOx emissions decreased by 10%. It was also found that B80 was the only 
butanol-blended fuel which did not produce lower CO emissions than gasoline. 
 
 
Figure 1.2 Influence of butanol addition and equivalence ratio on specific UHC emissions (left) 
and specific NOx emissions (right) [35] 
 
While butanol-gasoline blends have been extensively researched in spark-ignition 
engines, there is limited information available on engine performance and emissions using neat 
n-butanol. Szwaja and Naber [11] tested n-butanol over a range of spark timings, compression 
ratios, and loads to examine its combustion characteristics through analysis of in-cylinder 
pressure measurements and mass fraction burned profiles. It was found that the bulk burn 
duration for n-butanol was similar to that of gasoline and that the spark timing should be retarded 
with respect to the maximum brake torque (MBT) timing for gasoline. Additionally, it was found 
that n-butanol and gasoline behaved similarly in terms of combustion knock due to compression 
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ratio and spark timing. It was concluded that n-butanol is suitable for use in spark-ignition 
engines in either blended form or as a neat fuel from a combustion and energy density 
perspective. Most recently, Wigg, et al. [36], who examined the emissions of neat n-butanol, 
ethanol, and gasoline, showed that gasoline and butanol were closest in engine performance and 
that the UHC emissions of neat n-butanol were between two and three times those of gasoline 
with a maximum reduction in NOx emissions of 17% at stoichiometry. CO emissions were 
similar for butanol and ethanol and were lower than those of gasoline. 
The combustion and oxidation kinetics of butanol and its isomers has been the focus of 
several studies. Currently only one mechanism of butanol oxidation exists in literature. Dagaut et 
al. [37-38], included additional reactions to represent butanol oxidation in a proposed oxidation 
mechanism for C1-C4 chemistry. Agathou et al. [39] studied non-premixed flames of butanol, 
ethanol, and methane using a counter-flow burner and measured major combustion species, 
temperature profiles, and extinction strain rates in addition to examining ignition delays of 
butanol, ethanol, and n-heptane in a zero-dimensional piston-cylinder assembly using the 
kinetics model of Dagaut. Zhang and Boehman [40] investigated the oxidation of neat n-butanol 
and a mixture of n-heptane and 1-butanol in a motored engine at an equivalence ratio of 0.25. 
Heat release analyses showed that the oxidation of 1-butanol produced no noticeable low 
temperature heat release behavior, whereas an n-heptane/1-butanol mixture exhibited 
pronounced cool flame behavior.  
Egolfopoulos et al. [41-42] performed a comparative experimental and computational 
study on premixed flames of butanol, ethanol, and methanol and the four isomers of butanol. It 
was found that n-butanol/air flames propagated faster than both sec-butanol/air and iso-
butanol/air flames, while tert-butanol/air flames propagated the slowest of the four isomers, 
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confirmed by Gu et al. [43] who examined the laminar burning velocities and flame instabilities 
of the four butanol isomers. Zhukov et al. [44] constructed a detailed chemical kinetic model 
consisting of 1399 reactions involving 234 species and tested it against ignition delay times and 
recent speciation data from a jet-stirred reactor. Oßwald et al. [45] examined the flame chemistry 
of the isomers of butanol and found that the four isomers exhibited similar macroscopic 
characteristics, including temperature, major species profiles, and equilibrium mole fractions 
although the intermediate species pool was highly dependent on the specific fuel. It was also 
found that 2-butanol offered the greatest benefits regarding potential emissions from butanol 
combustion since it exhibited low hydrocarbon mole fractions and relatively low amounts of 
toxic oxygenated pollutants although it was noted that its use as a future biofuel is uncertain 
since a promising approach for its production has yet to be established. 
 
1.3 Electrostatically Assisted Sprays in Spark Ignition Engines 
Currently most gasoline engines in the United States use port fuel injection (PFI) systems 
although gasoline direct injection (GDI) systems are starting to appear on many consumer 
automobiles. Fuel injectors are designed to atomize fuel for a given fuel pressure and injector 
pulse width. In PFI systems, the fuel injector is usually aimed at the intake valve which, after the 
engine is at operating temperature and the intake valve is hot, helps to atomize the fuel spray. 
However, during cold start conditions, the temperature of the intake valve will be too low to 
atomize the liquid fuel spray leading to increased fuel droplet size and consequently, increased 
unburned hydrocarbon emissions. Overfueling is used to compensate for poor evaporation during 
cold starting conditions, the extent of which is apparent if the equivalence ratios needed for 
operation with gaseous and liquid fuels are compared [46]. It was found that a single cylinder 
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gasoline engine fueled with gaseous propane could be started at an equivalence ratio of 0.69 
regardless of temperature whereas an equivalence ratios of 1.1 and 5.6 were needed at 21°C and -
29°C, respectively when the engine was fueled with gasoline [47]. As a result, cold start 
emissions can account for 90% of unburned hydrocarbon emissions from a PFI gasoline engine 
[48].  
In GDI systems the fuel is sprayed directly into the combustion chamber which leads to a 
reduction in the amount of time available for fuel atomization and, as a result, the atomization 
characteristics of the injector such as cone angle, penetration, and droplet size play a much 
greater role than those of port fuel injectors [49-50]. Moreover, while PFI systems perform 
satisfactorily with fuel droplets having a Sauter Mean Diameter (SMD) of 200 μm, GDI requires 
fuel droplets with a much smaller SMD of 25 μm [51]. An additional method of reducing fuel 
droplet size would be beneficial in terms of both engine performance and emissions. 
 One major limitation of pressure-driven fuel injectors is the fact that the fuel momentum, 
which determines the way the fuel is dispersed, is dependent on the mass of fuel injected [52], 
which can only be controlled by adjusting the mass of fuel injected which is controlled by fuel 
pressure and injector pulse width (open time). These limitations result in an injector design 
which is a compromise and not ideal for all engine operating conditions, especially low engine 
load operation. The second limitation is that many injectors exhibit poor atomization during the 
initial phase of injection (before the injector is fully open) resulting in large fuel droplets in the 
leading edge of the spray which cannot fully vaporize before combustion [52] leading to 
increased unburned hydrocarbon emissions. In order to alleviate these issues, a third variable 
which can be used to control fuel momentum without affecting the mass of fuel injected is 
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required and would be beneficial for situations where the required fuel quantity remains the same 
but the atomization characteristics or desired fuel placement within the intake port changes [53].  
 PFI systems would benefit from a system that decreases the size of the fuel droplets when 
the intake valve is cold and reduces the amount of fuel that forms on the intake manifold walls 
during cold start which leads to increased unburned hydrocarbon emissions [54] by steering the 
fuel droplets away from walls of the intake manifold. GDI systems would benefit from a system 
allowing cone angle and penetration to be altered since a wide cone angle is desired to assist with 
mixing during homogeneous operation and a narrow cone angle is desired during stratified 
operation [55]. Additionally, since the hydrocarbon conversion efficiency is low for a catalytic 
converter that is cold, both systems could benefit during cold start by operating with smaller 
droplet sizes until the catalytic converter reaches operating temperature. Moreover, both systems 
could also benefit during the initial period of injection before the spray is well established [52] 
although the effect will be minimal under most operating conditions [53]. 
 A potential method of altering the spray structure to achieve these goals is through 
application of an electric field to the fuel spray. If such a system is designed correctly then a 
charge will be imparted to the fuel spray. This charge opposes the molecular forces within the 
droplet resulting in a significant reduction of the droplet’s surface tension [56]. Rayleigh studied 
the evaporation of charged droplets and found that when the droplets reached a critical charge 
density where Coulombic repulsion overcame surface tension, the droplet would break apart into 
several smaller droplets [57]. The Rayleigh limit is amount of charge necessary to overcome the 
solution’s surface tension and is defined as 
     q
2
 = 64 π2 ε σ r 3     (1) 
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where q is the charge, ε is the permittivity of free space, σ is the surface tension of the liquid, and 
r is the radius of the droplet.  
 When an electric field is applied to a pneumatic spray, this reduction in surface tension 
causes instabilities to form within the droplet which eventually lead to the breakup of larger 
unstable droplets into smaller more stable droplets [58]. This is a desirable effect for both PFI 
and GDI systems since it provides a method of decoupling the momentum of the fuel spray from 
the mass of the fuel injected. Such a system would be most beneficial for PFI systems during 
cold start by decreasing the fuel droplet size until the intake valve is warm enough to assist with 
fuel atomization. Application of an electrostatic charge to a pneumatic spray can also be used to 
generate a more diffuse spray (wider cone angle) [56] which would allow the fuel spray to be 
tailored to the operating condition of an engine equipped with a GDI system as discussed 
previously. Additionally, the generation of smaller fuel droplets could reduce the required 
injection pressure thus reducing parasitic losses due to the high pressure fuel pump [52].  
 The decrease in droplet size will also assist in reducing unburned hydrocarbon emissions 
as a result of the large fuel droplets and during cold start when the catalytic converter is below 
operating temperature and fuel atomization and atomization is poor. Fine droplet atomization has 
been proven to reduce cylinder wall wetting and unburned hydrocarbon emissions [46]. 
Reductions in hydrocarbon emissions of more than 60% were obtained when using a swirl type 
injector with a Sauter Mean Diameter (SMD) of 85 μm instead of a conventional pintle type 
injector with an SMD of 350 μm during the Los Angeles 4-mode driving cycle [59]. Use of an 
air-assisted fuel vaporizer resulted in a 45-48% reduction in unburned hydrocarbon emissions 
over a conventional PFI system by allowing cold-start operation with a stoichiometric mixture 
[60]. These results show promise for electrostatically-assisted injection. If droplet sizes can be 
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reduced significantly through application of an electric charge to the fuel spray, there should be a 
measurable decrease in the amount on unburned hydrocarbon emissions. 
 
1.4 Electrostatically Assisted Sprays using Butanol 
 While electrostatically assisted sprays have the potential reduce engine emissions 
significantly as discussed in the previous section, their success is dependent mainly on injection 
of electrostatic charge from the injector to the fuel spray, which is largely a function of the 
electrical conductivity of the liquid being sprayed. In the case of gasoline, which behaves 
electrically as an insulator, the amount of charge transfer can be minimal. One method of 
increasing the charge transfer is to use a conductivity enhancer such as Stadis 450 by DuPont 
although this can be very costly. However, the emergence of bio-alcohols as alternative and 
tentatively renewable fuels could eliminate this problem, since these fuels have an electric 
conductivity that is several orders of magnitude larger than those of hydrocarbon fuels. Butanol 
in particular is appropriate for electrostatically assisted injection due to its strongly polarized –
OH bond. The electrical conductivities and surface tensions of gasoline, ethanol, and n-butanol 
are presented in Table 1.2. Previous work [53,61] has shown that electrical conductivity of 
hydrocarbon-alcohol blends increases exponentially as the concentration of alcohol is increased. 
 
Table 1.2 Electrostatic spraying properties of gasoline, n-butanol, and ethanol [62-64] 
Fuel Gasoline Ethanol n-Butanol 
Electrical conductivity 
(Ω-1cm-1) 2 x 10
-9
 to 5 x 10
-8
 5.50 x 10
-6 
2.30 x 10
-6
 
Surface tension 
(dyne/cm) 
21.56 21.97 24.93 
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 However the use of butanol is not without its own problems. Serras-Pereira, et al. [65] 
examined sprays of ethanol, butanol, iso-octane, and gasoline using a multi-hole injector in a 
direct-injected spark ignition engine. Butanol exhibited slower initial growth rates than the other 
fuels and peak spray areas similar to those of gasoline. It was also found that, for the period after 
the end of injection, butanol showed a slower rate of decline in terms of spray area partially due 
to its high boiling point compared to the other fuels. Additionally, when butanol is blended with 
gasoline at higher concentrations or used as a neat fuel in SI engines, there is a significant 
increase in unburned hydrocarbon emissions as was discussed previously. 
 Electrostatically-assisted injection technology could alleviate these issues. As was 
discussed towards the end of the previous section, if done correctly, application of a charge to a 
pneumatic spray will cause the breakup of larger droplets into many smaller droplets leading to 
decreased UHC emissions. The increased conductivity of butanol may be great enough that the 
increased charge transfer leading to decreased droplet size may offset the increase in UHC 
emissions that result from using butanol in higher concentrations with gasoline or as a neat fuel if 
enough charge can be transferred to the fuel spray. 
Savage and Hieftje [58] found that when an electric field was applied to the tip of a 
nebulizer, a more diffuse aerosol was generated as can be seen in Figure 1.3. They also found 
that the highly charged droplets possessed an affinity for grounded objects such as the spray 
chamber and burner walls. This presents the possibility of steering the droplets by adjusting the 
placement of the ground electrode. Lastly, droplet size distributions showed that there was a 
distinct increase in the number of small droplets (percentage of droplets less than 20 μm 
increased from 28 to 63%) and a corresponding decrease in the number of large droplets in the 
spray (percentage of droplets greater than 20 μm decreased from 41 to 19%) when the electric 
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field was applied, leading to the conclusion that the application of an electric field to a 
pneumatically actuated spray causes larger droplets to break into many smaller droplets. 
 
 
Figure 1.3 Photographs of aerosols produced by EFPN system; no applied electric field (left), 
electric field applied (right) [58] 
 
Law [66] found that the application of a strong electric field near the nozzle of a pesticide 
sprayer increased the spray deposition onto various plants by up to seven times that of the 
uncharged sprayer. Hetrick and Parsons [67] patented a similar electrospray fuel injector similar 
to the one used in this paper [67] and found a 10-25% reduction in Sauter Mean Diameter (SMD) 
due to injecting an electric charge although no engine tests were performed to determine the 
effect of varying the spray pattern [68]. 
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Figure 1.4 Eight orifice injector nozzle, no charge insertion (left), 2.0 uA inserted current 
(center), 3.1 uA inserted current (right) [68] 
 
These findings present interesting possibilities for both port fuel injection (PFI) and direct 
injection (DI) spark-ignition engines. PFI injectors atomize the fuel spray most effectively by 
directing the spray towards the hot intake valves. During cold start conditions the intake valve 
doesn’t evaporate the spray as effectively and a fuel film will develop on the walls of the intake 
manifold and on the intake valves leading to increased unburned hydrocarbon emissions [54]. An 
electric field could be used to steer the fuel droplets away from the walls and valve surfaces until 
the engine reaches operating temperature. This would also be beneficial to GDI injectors since 
spray characteristics such as cone angle, penetration, and droplet size are critical to engine 
performance [50]. 
Previous studies by Anderson et al. [52-53, 69-70] examining the spray characteristics of 
an electrostatically assisted fuel injector similar to the one used in this thesis have shown that at 
lower injection pressures and a charge of 3 kV applied to the injector electrode, the spray 
emerged faster after the start of injection with greater penetration and cone angle compared to 
the non-charged spray. In addition, the charged sprays offered better droplet size repeatability 
and narrower droplet size distributions. Engine tests using the same engine and injector 
configuration used for this paper fueled with ethanol showed that at lower intake pressures, UHC 
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emissions were consistently lower and NOx emissions consistently higher when a charge was 
applied to the injector electrode [70] as shown in Figures 1.5 and 1.6. It was concluded that the 
results were consistent with the hypothesis that electrostatic charging improves spray 
atomization and mixing.  
 
Figure 1.5 UHC emissions plotted versus manifold pressure for an engine speed of 1100 RPM.  
Non-charged sprays are shown with blue (○) and 2 kV sprays are shown with red (□) [70] 
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Figure 1.6 NOx emissions plotted versus manifold pressure for an engine speed of 1100 RPM.  
Non-charged sprays are shown with blue (○) and 2 kV sprays are shown with red (□) [70] 
 
Thus is it predicted that use of the same configuration for butanol should help alleviate 
the high UHC emissions that are produced. Up until this point, electrostatically-assisted injection 
has not been used with butanol.  
 
1.5 Electrosprays of Low Conductivity Fluids 
There is an important distinction between an electrospray and an electrostatically assisted 
spray. Electrostatically assisted sprays encompass sprays where the liquid is sprayed by 
pneumatic or other means and the application of an electrostatic charge serves to charge the 
droplets and decrease their average size whereas electrosprays are those where the electric field 
itself is the cause of the spraying of a liquid [71]. This thesis focuses only on electrostatically 
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assisted sprays although a section on the previous work of electrosprays of automotive fuels will 
now be presented. 
The basic setup of an electrospray is shown in Figure 1.7. A conductive capillary on the 
order of 1 mm diameter or less, is supplied with liquid via a syringe pump. Several kV are 
applied to the capillary via a high voltage power supply. The liquid flowing through the capillary 
acquires an electrostatic charge and the resulting repulsive forces break the liquid stream into 
droplets [53]. Flow rates for an electrospray are generally between 10 to 100 mL/hr [72]. 
 
 
Figure 1.7 Basic electrospray setup [73] 
 
  One of the biggest challenges of expanding electrospray technology to automotive 
applications (e.g. fuel injection) is the low conductivity of liquid fuels such as gasoline and 
Diesel. Electrosprays developed for use in mass spectrometry typically use solvents with high 
electrical conductivities, allowing large amounts of charge to be transferred to the fluid. 
However, Kim and Turnbull [74] found that when a needle with a radius of less than 1 μm was 
placed in a gas capillary, enough charge was be transferred to the insulating liquids that a finely 
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atomized spray resulted. Kelly [75] expanded on the use of sharp electrodes as a means of 
charging electrically insulating fluids by employing the use of a “spray triode” device, which 
utilized three needles maintained at high negative potential.  
 Shrimpton and Yule [76-77] investigated electrostatically atomized hydrocarbon sprays 
for use in automotive and combustion applications using a single sharp electrode and found that 
application of 12 kV caused the electrostatic spraying of kerosene. Numerical simulations on the 
application of charged sprays to DISI engines by Shrimpton [78] showed that the application of 
an electric charge to the fuel spray resulted in spray expansion throughout the engine cylinder in 
the time available between injection and ignition. It was concluded that electrospray technology 
was potentially a viable route to control and optimize in-cylinder mixture distribution and 
consequently, engine performance and emissions. 
 Gomez et al. have studied electrosprays of hydrocarbon fuels and have developed a 
mesoscale liquid fuel burner for use in a liquid fuel battery [78-80] in addition to developing 
multiplexed electrosprays [81-82], which have the potential to be used in automotive 
applications. Of particular interest to internal combustion engines is the fact that electrosprays 
operating in the cone-jet mode produce practically monodisperse sprays, which allow droplet 
size to be controlled by the mass flow rate of the spray [83]. This would allow droplet size to be 
adjusted depending on the operating condition of the engine. 
 Recently, studies by Agathou, et al. [61, 73] on electrosprays of butanol for power 
generation have shown the feasibility of extending electrospray technology to bioalcohol fuels. 
Combining electrospray technology and biobutanol for use in internal combustion engines has 
the potential to significantly reduce engine emissions and increase combustion efficiency. 
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1.6 Objectives and Structure of the Thesis 
 This present study focuses on the examination of n-butanol blended and neat n-butanol 
fuels and the development of electrostatically assisted sprays for use in internal combustion 
engines by focusing on the following areas that have yet to be explored: 
 A comparison of the UHC, CO, and NOx emissions of ethanol-gasoline blends (E25, 
E50, E75), neat ethanol (E100), n-butanol-gasoline blends (B25, B50, B75), and neat 
n-butanol (B100) to determine the effect that butanol has on emissions relative to 
ethanol. 
 The emissions of ethanol-isooctane and n-butanol-isooctane blends, which have the 
same heating value and the emissions of ethanol-isooctane and n-butanol-ethanol 
blends, which also share the same heating value. 
 The effect of electrostatically-assisted injection on the emissions (namely UHC) of an 
engine fueled with neat n-butanol. Previous studies using a similar setup and an 
engine fueled with ethanol showed a modest decrease in unburned hydrocarbon 
emissions and a corresponding increase in nitrogen oxides emissions. 
 The study of the effect of charge configuration on UHC, NOx, and CO emissions. 
Previous studies on the electrostatic atomization of hydrocarbon sprays have shown 
that application of a negative potential to the charge electrode can increase the 
amount of charge transferred to the spray by a factor of approximately 10 [84]. 
  
 Chapter 2 describes in detail the test engine setup and specifications, the modifications 
made to the engine to support electrostatically assisted injection, the emissions analyzers and 
other measurement equipment, the test fuels, and the experimental procedures and operating 
conditions used in this study.  Chapter 3 focuses on the emissions of the blended and neat fuels 
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discussed previously. Several samples of gasoline from the pump were tested to and then a 
representative sample was chosen for further testing. The emissions of ethanol-gasoline and 
butanol-gasoline blends in addition to neat ethanol and n-butanol were compared on the basis of 
the engine torque output. This process was repeated for the ethanol-isooctane and butanol-
isooctane blends and the ethanol-isooctane and butanol-ethanol blends of the same heating value 
discussed previously.  Chapter 4 presents the results from the engine testing of an 
electrostatically assisted injector with n-butanol and the impact on UHC, CO, and NOx 
emissions. Chapter 5 provides concluding remarks as well as recommendations for future 
research and improving the performance of the electrostatically assisted injector used in this 
study. 
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Chapter 2 
Experimental Methodology 
2.1 Overview of Experimental Strategy 
 The experiments conducted to examine the emissions of butanol and their reduction in an 
SI engine can be divided into four areas, all of which focused mainly on the measurements of 
UHC, NOx, and CO emissions and in-cylinder pressure. The first and second areas (both 
presented in Chapter 3) focus on the emissions of butanol-blended fuels. The first area of study 
examined the impact of increasing the butanol content in gasoline on UHC, NOx, and CO 
emissions and its comparison with the corresponding effect of ethanol. The second area of study 
focused on the emissions of blends of butanol, ethanol, and isooctane to determine the impact of 
butanol on engine out emissions on the basis of the heating value of the fuel. The third and fourth 
areas are both presented in Chapter 4 and focus on the use of electrostatically assisted injection 
as a means of reducing the UHC emissions of butanol. Modifications were made to the engine 
and fuel injector to apply an electrostatic charge to the fuel spray and comparisons were made 
between the emissions of the uncharged and charged sprays.  
 
2.2 Test Engine Setup and Specifications 
 A large portion of the engine setup was configured in the Ford Automotive Systems 
Laboratory at the University of Illinois before work on this thesis started. Details can be found in 
the dissertation of Eric K. Anderson [53].  A brief description of the engine setup as received is 
provided here for the purpose of completeness.   
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 The engine used in this study is a Ford single-cylinder spark-ignition gasoline engine 
with identical cylinder geometry to the V8 engine used in a 2000 Ford Mustang Cobra shown in 
Figure 2.1. The bottom end is composed of two iron castings produced by Ford. The lower 
casting houses the crankshaft bearings and the upper casting consists of a single cylinder bore, 
which aligns with cylinder two on the head as can be seen in Figure 2.2. The cylinder head is 
from the left bank of the production V8 engine featuring double overhead camshafts and 4 valves 
per cylinder with a centrally located spark plug. In order to reduce frictional losses, the rocker 
arms were removed from cylinders one, three, and four. No modifications were made to the 
camshafts or the cam timing. The peak power output of the original V8 engine was 239 kW (329 
HP) and 407 N·m (300 lb-ft) of torque resulting in a peak output for the single cylinder engine of 
slightly less than 30 kW (40 HP) and 52 N·m (38 lb-ft) as a result of increased frictional losses 
and is limited to an engine speed of 2000 RPM. Key engine specifications are provided in Table 
2.1. 
 
Table 2.1 Engine specifications 
Bore (cm) 9.03 
Stroke (cm) 9.01 
Compression ratio 9.6:1 
Displacement (cm
3
) 575 
Clearance Volume (cm
3
) 53 
Connecting rod length (cm) 15.07 
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Figure 2.1 Ford single-cylinder research engine 
 
 
Figure 2.2 Upper block casting showing single-cylinder bore 
  
 The engine is connected to a GE type TLC-15 class 4-35-1700 dynamometer capable of 
delivering up to 14.9 kW (20 HP) and absorbing up to 26.1 kW (35 HP) at a maximum rotational 
speed of 4500 RPM. The dynamometer is controlled using a DyneSystems Co. DYN-LOC IV 
Digital Dynamometer Controller and the throttle is controlled using a DyneSystems Co. DTC-1 
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Digital Throttle Controller. External fuel, lubrication, and cooling systems are used and are 
shown in schematic form in Figure 2.3 (further details can be found in [53]). Oil is supplied to 
the engine through the use of an external oil pump and reservoir. To cool the engine, coolant is 
pumped into the engine and then through a liquid-liquid heat exchanger, which cools the coolant 
by passing cold building water through the heat exchanger. Fuel is supplied to the engine through 
use of an external fuel reservoir and fuel pump. The fuel pressure can be adjusted using an 
adjustable fuel pressure regulator on the fuel rail. Intake air is supplied to the engine via the 
building air supply coupled with an adjustable pressure regulator. This allows the engine to be 
run with the throttle plate wide open while operating at intake manifold pressures below 
atmospheric. 
 
 
Figure 2.3 Engine support system schematic 
 
The engine is controlled through the use of a Megasquirt II V3.0 ECU, which allows the 
adjustment of fuel through volumetric efficiency tables and adjustment of ignition timing (spark 
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advance) as functions of engine speed (RPM) and engine load (manifold pressure, MAP). A 
higher volumetric efficiency value increases the amount of fuel being injected during the intake 
stroke and a lower volumetric efficiency decreases the amount of fuel. Two different fuel 
injectors were used in this study. The first was a Bosch injector P/N 0 280 150 209 with a flow 
rate of 185 cm
3
/min at 3 bar (pintle injector) and the second injector was a Bosch “Green Top” 
injector P/N 0 280 150 558 with a flow rate of 440 cm
3
/min at 3 bar (disc injector). 
  
2.3 Measurement Devices 
 2.3.1 In-cylinder Pressure Measurement 
 In-cylinder pressure was measured using a Kistler type 6125B ThermoComp Quartz 
uncooled pressure sensor capable of measuring up to 250 bar, which was mounted in the cylinder 
head between the intake and exhaust valves (see Figure 2.4) and an AVL 3057-AO1 charge 
amplifier, which converted the pC/bar signal from the pressure transducer to a 0-10V signal for 
use in the National Instruments SCXI-1000 DAQ board. Cylinder pressure was indexed against a 
crankshaft position signal from a BEI XH25D shaft encoder, which provided a two channels, one 
that provided a pulse every time the crankshaft was at TDC (twice per cycle) and another that 
provided a pulse every 0.25 CAD . A LabVIEW code was used to collect, display, and save 
pressure traces (average of 25 cycles). The LabVIEW code determined whether the engine was 
at the beginning or the middle of the cycle by requiring the peak cylinder pressure is at least 340 
CAD from the start of the cycle. 
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Figure 2.4 In-cylinder pressure transducer location 
 
It should be noted that several of the pressure traces obtained displayed non-physical 
behavior, namely negative in-cylinder pressures displayed after 400 CAD and later similar to 
those described in [53]. Similar results were observed for non-cooled transducers like the one 
used for these experiments in the work of Kuratle, et al. [85] and Hsu [86]. The negative pressure 
readings are most likely due to the distortion of the pressure transducer as a result of exposure to 
the high temperatures occurring during combustion, a condition usually referred to as “thermal 
shocking,” however the results are still valid before the peak cylinder pressure has been reached 
[53].  
  
 2.3.2 NOx and Lambda Measurement 
 NOx emissions and air excess ratio λ (inverse of the equivalence ratio) were measured 
using a Horiba MEXA-720 NOx non-sampling type meter. The sensor’s measurement range for 
NOx concentration is 0 to 3000 ppmvol with ±30 ppm accuracy for the 0-1000 ppm range, ±3% 
accuracy for the 1000-2000 ppm range, and ±5% accuracy for the 2000-3000 ppm range. The 
analyzer uses a zirconia sensor, the principle of operation of which is shown in Figure 2.5 and 
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described in [87]. The exhaust gas flows into the first internal cavity where the oxygen 
concentration is kept at less than 10 ppm through use of an ion pump. NO2 in the first internal 
cavity is broken down into NO and O2. The sample gas then enters the second internal cavity 
where the NO is broken down into N2 and O2. The amount of O2 generated by breaking down the 
NO and NO2 is found by measuring the amount of current required to extract it from the second 
internal cavity using an ion pump. The NOx concentration (NO and NO2) is calculated based on 
the O2 concentration. Since this is a wet-basis measurement, no correction for the water content 
of the exhaust is needed. 
 
 
Figure 2.5 Principle of zirconia sensor for NOx measurement [87] 
 
 2.3.3 UHC and CO Measurement 
 Unburned hydrocarbon and carbon monoxide emissions were measured using a Horiba 
MEXA-554JU sampling type meter. The measurement range is 0-10,000 ppmvol for UHCs and 
0.00-10.00% by volume for CO. A probe was fabricated to fit in the exhaust manifold of the 
engine that allowed the sampling tube to transport the exhaust gases to the analyzer. A 
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compressed air-line dryer (McMaster item #4958K34) was installed in the sampling tube to filter 
out the condensed water before the exhaust gas entered the analyzer. It is assumed that all water 
vapor is removed from the exhaust gas and the results are dry-basis measurements. 
It should be noted that the analyzer used to measure emissions of unburned hydrocarbons 
uses a non-dispervsive infared analyzer (NDIR). Both NDIR and flame ionization detection 
(FID) measurements of emissions exhibit low responses to oxygenated hydrocarbons. Engine 
tests in [88] examined the differences between a Horiba FIA-23A FID analyzer and an MKS 
2030 FTIR analyzer, which can speciate hydrocarbons and more accurately measure oxygenated 
hydrocarbons. Comparisons between FID and FTIR showed that, for oxygenated fuels, FID 
consistently underestimated the amount of unburned hydrocarbons although the observed trends 
were preserved between the two analyzers.  However, for the NDIR measurements reported in 
this study, using an alcohol fuel does not alter the substance of the results. 
 
2.4 Engine Setup Modifications 
 The purpose of this section is to discuss modifications made to the engine setup presented 
in [53]. While most of the systems worked without issue and required no modification, 
modifications were made to the oil system to improve its reliability and functionality when the 
engine was run for long periods of time and to the fuel system to improve cold starting reliability 
and chemical compatibility with alcohol fuels. These modifications will now be discussed in 
detail. 
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2.4.1 Oil System 
 If the engine was run using the oil system described in [53] for longer than approximately 
30 minutes, the oil would foam up to the point that the engine had to be shut down to avoid 
damaging the crankshaft and bearings. It was determined that the cause was the two pump design 
and the system was redesigned so that there was a single oil pump, which pumped oil from the 
reservoir through the engine. The reservoir was gravity-fed from two copper pipes connected to 
the oil pan of the engine. This design prevented the foaming issue but the oil wouldn’t drain fast 
enough from the oil pan to the reservoir causing the oil level inside the reservoir to drop to the 
point that the pump would starve for oil and the engine oil pressure would drop. Two more 
copper pipes connecting the oil pan and reservoir were added to solve the issue. 
 However, a new issue arose. It was found that as the engine and the engine oil gradually 
warmed, the oil pressure would steadily drop to the point that the emergency stop was triggered, 
shutting down the engine. It was determined that the oil pump was substantially oversized for 
this particular engine. The single pump was a Dayton 6NY34 pump powered by a Dayton 
9ND38 0.75 hp (0.5 kW) motor capable of supplying 10.7 gpm (2.43 m
3
/hr) of oil at 50 psi    
(345 kPa) while flow tests showed that only 3.4 gpm (0.77 m
3
/hr) was passing through the 
engine. Since the rest of the fluid was recirculating within the pump, the pump was heating up 
the oil causing the oil pressure to drop from 60 psi to below 30 psi as well as causing the oil to 
cavitate within the pump if left running. 
 In order to solve this issue, a mechanical bleed valve was added between the oil pump 
and the oil filter, which diverted part of the oil flow directly back to the oil reservoir as shown in 
Figure 2.6. The valve could be adjusted to achieve the flow rate corresponding to the desired 
engine oil pressure. By allowing part of the flow to bypass the engine and head directly to the 
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reservoir, the pump ran much cooler and the engine could be operated indefinitely. As the engine 
warmed up and the oil pressure dropped, the amount of oil returning directly to the reservoir was 
reduced until the engine oil was warm and the oil pressure was steady. 
  
Figure 2.6 Oil system schematic (left) and bleed valve (right) 
 2.4.2 Fuel Injection System 
 Several modifications were made to the fuel system to improve its performance using 
alcohol fuels. As described in [53], copper pipes were used to supply fuel to and from the 
reservoir to the fuel rail. It was found that these fuel lines would corrode over time. Once an 
alcohol fuel was used, this corrosion would be stripped from the copper lines and circulated 
through the fuel system and into the engine through the fuel injector. The copper lines were 
replaced with fuel injection hose, the fuel filter was replaced, and the fuel reservoir, fuel pump, 
and fuel filter were moved closer to the fuel rail. 
Bleed valve
Oil 
Reservoir
Oil
Pump
Oil
Filter
Engine
Oil Pan
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 As was mentioned previously, two fuel injectors were used throughout this study. It was 
found that when the engine was fueled with neat n-butanol, the 185 cm
3
/min injector could not 
supply enough fuel to start the engine when it was cold. When the injector was replaced with 
another injector capable of supplying 440 cm
3
/min, the engine could be cold started using neat n-
butanol. Further research into the cold starting characteristics of butanol was not done since 
several pieces of equipment (e.g. emissions analyzers, engine ECU, dynamometer) are incapable 
of supporting an analysis transient in nature. 
 For the results of Chapter 3, which focused on the emissions characteristics of butanol-
blended fuels, the 440 cm
3
/min injector was used since the engine was started and warmed up 
using the various blends tested. For the results of Chapter 4, which focuses on the 
electrostatically assisted injection of butanol, the 185 cm
3
/min injector was used since the charge 
electrode was designed specifically for that injector. In order to avoid the cold start issue, the 
engine was warmed up with a blend of gasoline and butanol, which was then drained and 
replaced with neat butanol.  
 
2.5 Modifications for Electrostatically Assisted Injection 
 In order to apply an electric field to the fuel spray, a copper charge electrode was 
fabricated to fit over the tip of the fuel injector as shown in Figure 2.8 (left). The charge 
electrode was designed with an insulation layer to protect the injector solenoid and engine 
electronics from the high voltage. A schematic of the charge electrode (including dimensions) 
can be found in [52].  To accommodate the electrostatically assisted injector, the original 
aluminum intake manifold was replaced with a rapid prototyped, plastic, two-piece intake 
manifold of comparable geometry as shown in Figure 2.8 (right). The new intake manifold was 
 33 
 
designed with an extraction ring close to the charge electrode to provide an electrostatic ground 
in order to strengthen the electric field. The extraction ring sat approximately 3 mm away from 
the charge electrode. The intake manifold supplied external electrical connections for the high 
voltage power supply (HVPS), which are shown in Figure 2.7. In this figure, the positive 
terminal of the HVPS is connected to the charge electrode and the negative terminal is connected 
to the extraction ring. 
 In previous studies using the same equipment, the positive terminal of the HVPS was 
connected to the charge electrode and the negative terminal was connected to the extraction ring. 
However, studies on the electrostatic atomization of hydrocarbon sprays have shown that 
application of a negative potential to the charge electrode can increase the amount of charge 
transferred to the spray by a factor of approximately 10 [84]. One goal of this study discussed 
further in Chapter 4 was to examine the effect of reversing the direction of the applied electric 
field by applying a positive charge to the extraction ring and grounding the charge electrode. 
 
 
 
Figure 2.7 Electrical connections for the electrostatically assisted injector 
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Figure 2.8 Copper charge electrode (left) and intake manifold showing the charge electrode and 
extraction ring (right) 
 
 
2.6 Test Fuels 
 Several fuels in neat or blended form are used throughout this study. In cases where 
gasoline is used, the fuel originated from local filling stations during October 2010. Of the four 
butanol isomers, 1-butanol (n-butanol), sec-butanol, tert-butanol, and iso-butanol, n-butanol was 
used for testing because it is the main component in biobutanol [15]. The n-butanol used in this 
study was supplied by Fisher Scientific (99.9% purity) and ethanol (200 proof alcohol) meeting 
USP specs was supplied by Decon Laboratories, Inc. The isooctane used in the second part of 
Chapter 3 was supplied by Alfa Aesar (2,2,4-Trimethylpentane, ACS, 99+%). Further 
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information regarding the specific blends used in each test can be found in section 2.7 in addition 
to the specific results sections. 
 
2.7 Test Conditions 
 In the first part of Chapter 3, which focuses on the emissions characteristics of butanol-
gasoline blended fuels and compares them to the emissions of ethanol-gasoline fuels, it was 
determined that a comparison on the basis of engine output (brake torque) was prudent since it 
addresses the environmental impact of switching to a butanol-gasoline blended fuel. The engine 
load was set at 60 kPa when the engine was fueled with neat gasoline and it was determined how 
much torque the engine was producing at 900, 1200, and 1500 RPM in addition to recording 
emissions measurements and in-cylinder pressure.  
 For the butanol-gasoline blended fuels, the load (characterized by intake manifold 
pressure) was varied in order to achieve the brake torque produced when the engine was fueled 
with gasoline. The process was iterative as shown in Figure 2.9; load was set, a spark sweep was 
done to determine spark timing for maximum brake torque (MBT) and the torque was measured. 
If the torque was greater than the torque produced using only gasoline, the intake manifold 
absolute pressure (MAP) was decreased and the process was repeated. If the torque was less than 
the torque produced, the intake MAP was increased and the process was repeated. If the torque 
was within a few percent of the torques listed in Table 2.2, emissions data and in-cylinder 
pressure were recorded. This process was repeated for the ethanol-gasoline blends so that 
comparisons between butanol-gasoline blends (e.g. B50 vs. E50) could be made on the basis of 
engine output. 
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Table 2.2 Test conditions used for butanol-gasoline and ethanol-gasoline blended fuel tests in 
addition to the heating value blends of butanol, ethanol, and isooctane 
Engine speed (RPM) 900 1200 1500 
Torque (Nm) 14.45 15.21 14.71 
Load (Intake MAP) Varied to achieve torque 
Equivalence ratio/ 
Lambda 
1.05/ 
0.95 
Ignition timing MBT 
Fuel pressure (psi) 30 
 
 
Figure 2.9 Flowchart used for butanol-gasoline and ethanol-gasoline blended fuel tests in 
addition to the heating value blends of butanol, ethanol, and isooctane 
  
 For the second part of Chapter 3, which focuses on blends of butanol, ethanol, and 
isooctane on the basis of the heating value of the fuel, a similar procedure was used. The first set 
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of fuels, which consisted of a butanol-isooctane blend and an ethanol-isooctane blend of the 
same heating value, was tested at the conditions listed in Table 2.2 although comparisons would 
only be made between the two fuels sharing the same heating values and not between the 
butanol-gasoline and ethanol-gasoline blends in the first part of Chapter 3. This process was 
repeated for the second set of fuels, which consisted of an isooctane-ethanol blend and a butanol-
ethanol blend of the same heating value.  
 For the engine tests in Chapter 4, which focused on the electrostatically assisted injection 
of butanol, comparisons were made between charged and uncharged operation of the fuel 
injector. Previous studies [53] have shown that effects of electrostatically assisted injection to be 
most pronounced at low engine speeds and low loads (intake MAP), corresponding to short fuel 
injector pulse widths. With this in mind, engine speed was set at 900 RPM and loads of 70 kPa 
and 90 kPa were used as shown in Table 2.3. To achieve short fuel injector pulse widths, the 
equivalence ratio was set mostly in the lean region although two tests were done in the rich 
region to determine if any effects could be observed. 
 
Table 2.3 Test conditions used for electrostatically assisted injection of butanol 
Engine speed (RPM) 900 
Load (Intake MAP) 90 kPa 70 kPa 
Equivalence ratio/ 
Lambda 
0.95/ 
1.05 
0.87/ 
1.15 
1.18/ 
0.85 
1.05/ 
0.95 
0.95/ 
1.05 
0.87/ 
1.15 
Ignition timing 20°BTDC 
Fuel pressure (psi) 30 
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Chapter 3 
Emissions Characteristics of Butanol-blended Fuels 
3.1 Gasoline Fuel Characterization 
 The first step in studying the emissions characteristics of butanol-gasoline blended fuels 
and comparing them to ethanol-gasoline blended fuels was to secure a representative sample of 
gasoline. Currently, up to 10% ethanol by volume is blended into pump gas although the exact 
quantity varies seasonally (lower ethanol content in the winter months, higher ethanol content in 
the summer months). Because the ethanol content can vary depending on the filling station, four 
5-gallon gasoline samples were obtained in early October 2010 from different filling stations. 
Each of these samples was tested at the conditions which would be used for the blended fuel tests 
to determine which sample fell closest to the mean values of several key parameters. Since the 
purpose of this study was to focus on emissions of UHC, NOx, and CO, these were chosen as 
three of the parameters. The other parameter chosen was torque since the emissions comparisons 
were made with the engine producing the same amount of torque. 
 Figures 3.1-3.4 show the torque output, UHC emissions, NOx emissions, and CO 
emissions respectively, for all four samples at all three engine speeds along with the mean and 
standard deviation shown as an error bar to the right of the four samples. Looking at the 
measured torque for the four samples, the biggest variation occurred at 1200 RPM with a std. 
dev. of 4.8% of the mean value compared to 1.6% at 900 RPM and 1.2% at 1500 RPM. The 
trend continued for UHC emissions with a std. dev. of 2.8% of the mean value at 1200 RPM 
compared to 0.9% at 900 RPM and 2.3% at 1500 RPM. CO emissions showed a std. dev. of 
16.2% of the mean value at 1200 RPM compared to 4.1% at 900 RPM and 8.5% at 1500 RPM. 
This trend was not followed when considering NOx emissions, where the maximum deviation 
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occurred at 900 RPM with a std. dev. of 8.1% of the mean value compared to 5.5% at 1200 RPM 
and 4.5% at 1500 RPM. These numbers provide insight into which measurements are the most 
stable between fuels (torque and UHC) as well as which engine speeds give the most consistent 
results (900 and 1500 RPM). It is clear that the biggest deviations between fuels occur for CO 
and NOx measurements as well as measurements recorded at 1200 RPM.  
 Using this information, it was determined which fuel sample was statistically the most 
representative of the four fuel samples by examining which sample was most likely to fall within 
the standard deviation for all of the measurements at the three engine speeds. Since the third fuel 
sample was most likely to fall within the standard deviation, it was used for further testing in 
Sections 3.2 and 3.3. 
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Figure 3.1 Brake torque output for all four gasoline samples tested and the mean brake torque 
value (the error bar is the standard deviation of the four measurements) 
 
 
Figure 3.2 UHC emissions for all four gasoline samples tested and the mean UHC emissions 
value (the error bar is the standard deviation of the four measurements) 
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Figure 3.3 NOx emissions for all four gasoline samples tested and the mean NOx emissions 
value (the error bar is the standard deviation of the four measurements) 
 
 
Figure 3.4 CO emissions for all four gasoline samples tested and the mean CO emissions value 
(the error bar is the standard deviation of the four measurements) 
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3.2 Emissions of Butanol-Gasoline Blended Fuels 
Before looking at the results, it should be noted that the terms B25, B50, B75, and B100 
are used to denote the percentage of butanol (by mass) blended into gasoline and G100 
represents pure gasoline. Looking first at the UHC emissions for G100, B25, B50, B75, and 
B100 for the three engine speeds tested shown in Figure 3.5, it can be seen that addition of 25% 
butanol to gasoline reduced UHC emissions over gasoline at all three engine speeds. The 
reduction was the smallest (-18.6%) at 900 RPM and the greatest (-34.5%) at 1500 RPM. This is 
consistent with the findings in [33] and [35] which showed a decrease in UHC emissions with 
B20 and B30 blends over gasoline, respectively although [28] showed a small increase in UHC 
emissions with a B20 blend which was attributed to the increased mass of fuel vapor per unit 
volume of air in the quench layer and crevices of the combustion chamber. As the amount of 
butanol in the fuel was increased to 50%, UHC emissions increased significantly over B25 and 
were higher than the UHC emissions of gasoline by 18.4% at 1200 RPM, 35.0% at 1500 RPM, 
and 57.9% at 900 RPM, a result which is consistent with [35] that found B40 to have similar 
UHC emissions as gasoline but B60 to have 18% higher emissions than gasoline at 2000 RPM. It 
is likely that this increase would have been greater at engine speeds closer to those in this thesis 
since the problem of UHC emissions is exacerbated at low engine speeds by poor mixing. With 
the B75 blend, UHC emissions continued to increase at all three engine speeds. At 900 RPM the 
increase in UHC emissions over gasoline was only 0.6% more than B50 although at 1200 and 
1500 RPM the engine produced 71.4% and 75.1% more UHC emissions than gasoline, 
respectively. As was mentioned for the B50 blend, this result also seems to be on par with [35] 
which found that a B80 blend produced 47% more UHC emissions than gasoline. When the 
engine was run on neat butanol, UHC emissions further increased with the engine producing 
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128.4%, 84.3%, and 105.1% more UHC emissions than gasoline which is consistent with [36] 
which found that the UHC emissions of neat n-butanol were approximately double those of 
gasoline. 
The effect of butanol on UHC emissions has been noted in several papers [28, 33, 35] 
although detailed explanations of the chemical kinetics behind this change have yet to be 
published. Based on these results, it appears that addition of approximately 25% butanol leads to 
a reduction in UHC emissions but as the concentration is increased, emissions begin to increase 
rapidly. It was found in [35] that B20 reduced substantially the coefficient of variation (COV) of 
the indicated mean effective pressure (IMEP) from 7.5 to 3.5 at an equivalence ratio of 0.80 
although increasing the amount of butanol further seemed to have no effect. As combustion 
variation is reduced it is expected that UHC emissions formed as a result of incomplete 
combustion should also be reduced [89]. However, this doesn’t address the rapidly increasing 
UHC emissions at higher butanol concentrations. In [35] the increased UHC emissions were 
attributed to combustion deterioration. Comparison of the latent heats of vaporization and boiling 
temperatures of gasoline (380-500 kJ/kg and 25-215°C) and butanol (118 kJ/kg and 118°C) [3] 
suggests that, at higher concentrations, butanol is much less likely to vaporize completely due to 
cooler intake charge temperatures, resulting in decreased combustion efficiency and 
consequently higher UHC emissions. As was discussed in the introduction, [65] showed that 
butanol showed a slower rate of decline in terms of the visible spray area partially due to its high 
boiling point compared to the other fuels indicating that butanol was the slowest to vaporize. 
Based on these results it appears that the higher boiling temperature and latent heat of 
vaporization results in decreased combustion efficiency resulting in higher UHC emissions when 
butanol is used in increased concentrations. 
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Looking next at the NOx emissions which are also shown in Figure 3.5, it is immediately 
apparent that the effect of butanol addition on NOx emissions was much smaller and less clear 
than it was for UHC emissions. The B25 blend resulted in 9.1% and 11.6% reductions in NOx 
emissions over gasoline at 900 and 1500 RPM, respectively, while there was no difference 
between the two at 1200 RPM, a result which is consistent with [28, 33, 35]. The B50 blend 
showed reductions in NOx emissions over gasoline at all three engine speeds although the 
reductions were only 1.7%, 3.2%, and 6.4% at 900, 1200, and 1500 RPM, respectively. 
Increasing the blend percentage to 75% butanol further decreased NOx emissions over the B50 
blend by approximately 4.5% at all three engine speeds (reductions over gasoline of 6.2% at 900 
RPM, 6.8% at 1200 RPM, and 10.6% at 1500 RPM). When the engine was fueled with neat 
butanol, NOx emissions decreased further over B75 at 900 and 1500 RPM by 1.0% and 3.8%, 
respectively and increased by approximately 1.5% at 1500 RPM resulting in NOx emission 
reductions over gasoline of 7.2% at 900 RPM, 5.3% at 1200 RPM, and 14.4% at 1500 RPM.  
Based on these results it appears that increasing the concentration of butanol in gasoline 
leads to noticeable reductions in NOx emissions. These results are similar to [35] which found 
that this effect was most apparent for a B80 blend (no B100 blend was tested). Similar results 
were also obtained in [36] which found a maximum reduction in NOx emissions of 17% over 
gasoline when the engine was fueled with neat n-butanol. Looking back to the latent heats of 
vaporization of the two fuels, this decrease in NOx emissions is to be expected. Previous studies 
[29] found that butanol significantly increased the volumetric efficiency of the engine by 
decreasing intake air charge temperatures as a result of its higher latent heat of vaporization and 
measurements of the in-cylinder pressures and exhaust gas temperatures of butanol and gasoline 
[36] showed that neat butanol had much lower combustion temperatures and pressures than pure 
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gasoline. As a result, it is expected that, as the concentration of butanol is increased, peak 
combustion temperatures will decrease resulting in decreased NOx formation. This is 
corroborated by the pressure traces of the five fuels shown in Figure 3.6 for 900 RPM, Figure 3.7 
for 1200 RPM, and Figure 3.8 for 1500 RPM. Looking first at 900 RPM, it can be seen that 
G100 and B50 have similar peak cylinder pressures which are higher than the cylinder pressures 
of B25, B75, and B100. Comparing this against the NOx emissions shown in Figure 3.5, it can 
be seen that G100 and B50 produced roughly the same emissions with B25, B75, and B100 all 
producing slightly lower emissions. Correlation between peak cylinder pressures and NOx 
emissions is also apparent for the pressure traces at 1200 RPM which show B25 has the highest 
cylinder pressure (highest NOx emissions) followed by G100, B50 and B100, and B75 having 
the lowest peak cylinder pressure (lowest NOx emissions) and at 1500 RPM which show G100 
having the highest peak cylinder pressure (highest NOx emissions) followed by B50, B100, B75, 
and B25 having the lowest peak cylinder pressure (lowest NOx emissions). 
 Looking next at CO emissions which are shown in Figure 3.5, it is apparent that CO 
emissions seem to have an inverse trend to the UHC emissions, especially at 900 RPM. Whereas 
switching from gasoline to a B25 blend decreased UHC emissions at all three engine speeds, it 
was found to increase CO emissions by 2.9% at 900 RPM, 6.5% at 1200 RPM, and 16.8% at 
1200 RPM. Further increasing the amount butanol to 50% led to a reduction in CO emissions at 
all three engine speeds although 1500 RPM the CO emissions were still 4.0% higher than 
gasoline. However, the B75 showed reductions of over gasoline of 9.8% at 900 RPM, 2.7% at 
1200 RPM, and 13.3% at 1500 RPM while neat butanol led to a reduction of 15.6% at 900 RPM 
but increases of 2.2% and 11.0% over gasoline at 1200 and 1500 RPM, respectively.  
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 Based on these results, it appears that increasing the concentration of butanol leads to an 
initial increase in CO emissions followed a steady reduction in CO emissions although it appears 
that CO emissions increase slightly when the engine is fueled with neat butanol. Previous studies 
seem to be inconclusive on the impact of butanol on CO emissions. It was shown in [35] that CO 
emissions tended to increase as the concentration of butanol was increased, while [28] showed a 
decrease in CO emissions attributed to a “leaning” effect that occurs using oxygenated fuels such 
as butanol which is composed of 21.6% oxygen by weight. It was found in [36] that butanol 
offered a 12% reduction over gasoline in the rich region, a factor which was attributed to the 
extra oxygen in the alcohol fuel allowing partial reduction of the CO through formation of CO2. 
However, the fact that CO emissions increased slightly for B25 is puzzling bearing in mind that 
the decreased UHC emissions suggest increased combustion stability resulting in more complete 
combustion of the alcohol fuel with more free oxygen to combine with CO to form CO2 as a 
result. The slight increase in CO emissions for neat butanol at engine speeds of 1200 and 1500 
RPM is also puzzling although the rapidly increasing UHC emissions at higher concentrations of 
butanol suggest deteriorating combustion stability leading to increased CO emissions.  
 The pressure traces shown in Figures 3.6-3.8, indicate that, while gasoline tends to have 
the highest peak cylinder pressures associated with higher NOx emissions, it also appears to have 
the slowest rise in cylinder pressure. As the concentration of butanol was increased, the duration 
between ignition and peak cylinder pressure decreased. This effect is most noticeable in Figure 
3.7 for G100, B25, and B50. Keeping in mind that MBT spark timing for neat butanol is retarded 
with respect to gasoline, G100 is ignited before B25 and B50 but reaches its peak cylinder 
pressure after the two butanol blends. B25 is ignited later than G100 and increases in cylinder 
pressure much faster followed by B50 which is ignited the latest of these three blends yet 
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achieves peak cylinder pressure before G100 and B25. This effect was noted in [11], which 
extensively studied the burned mass-fuel burnt profiles of several butanol-gasoline blends and 
found that both ignition delay (0-10% mass-fuel burnt) and combustion duration (10-90% mass-
fuel burnt) were reduced as the concentration of butanol was increased and that MBT spark 
timing should be retarded with respect to gasoline. 
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Figure 3.5 UHC emissions (top), NOx emissions (center), and CO emissions (bottom) for 
gasoline and the four butanol blended fuels at 900, 1200, and 1500 RPM 
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Figure 3.6 Pressure traces for gasoline and the four butanol blended fuels at 900 RPM 
 
Figure 3.7 Pressure traces for gasoline and the four butanol blended fuels at 1200 RPM 
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Figure 3.8 Pressure traces for gasoline and the four butanol blended fuels at 1500 RPM 
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3.3 Comparison to the Emissions of Ethanol-Gasoline Blended Fuels 
The results from the previous section showed that, as the concentration of butanol in 
gasoline was increased and engine output remained constant, UHC emissions increased, an effect 
which was attributed to the increased latent heat of vaporization and boiling temperature of 
butanol, NOx emissions decreased, which were related to the lower combustion temperature 
during engine operation with butanol, and CO emissions decreased, which was attributed to 
increased CO2 as a result of the oxygenation of butanol although combustion deterioration 
increased CO emissions for the B100 blend. The next step was to compare the butanol-gasoline 
blended fuels with ethanol-gasoline blended fuels to provide further insight into as well as a 
point of reference for the emissions of butanol. UHC emissions will be examined first followed 
by NOx emissions and CO emissions and then concluding with a look at the in-cylinder pressure 
data. 
Figure 3.9 shows the UHC emissions of gasoline and the butanol-gasoline and ethanol-
gasoline blended fuels plotted as a function of the alcohol composition of the blend at 900, 1200, 
and 1500 RPM. The data for all three engine speeds show that butanol produced higher UHC 
emissions at all blending ratios for all three engine speeds. Both B25 and E25 had identical 
reductions in UHC emissions over gasoline followed by rising UHC emissions as the amount of 
alcohol was increased. Both 50% blends produced higher UHC emissions than their 25% 
counterparts, although the UHC emissions of the ethanol blends did not exceed those of gasoline 
until the E75 blend at 900 and 1200 RPM. At 900 RPM, the B75 blend produced 34.9% more 
UHC emissions than the E75 blend and at 1200 RPM, the B50, B75, and B100 blends produced 
49.0%, 68.6%, and 49.6% more UHC emissions than their ethanol-blended counterparts, 
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respectively. At 1500 RPM the UHC emissions were increased by 24.4%, 24.0%, and 20.2% for 
B50, B75, and B100, respectively.  
In the previous section, the increase in UHC emissions with increasing butanol content 
was attributed to the increased latent heat of vaporization and boiling temperature of butanol. 
However, the latent heat of vaporization of ethanol is much higher than butanol (904 kJ/kg 
compared to 716 kJ/kg [3]) which would suggest that ethanol, requiring more energy to vaporize, 
would produce more UHC emissions than butanol as a result of decreased fuel evaporation 
leading to poorer combustion efficiency. Conversely, comparison of the boiling temperatures of 
ethanol (78°C) and butanol (118°C) suggests that it may be more difficult for butanol to fully 
vaporize prior to combustion. When fuel is injected into the engine, part of the fuel spray will hit 
the intake valve, vaporize, and then flow into the engine while the rest of the spray, still in 
droplet form, will also be drawn in. During the compression stroke, the temperature and pressure 
rises very rapidly and the fuel will continue to vaporize. However, in view of the higher boiling 
temperature of butanol, vaporization of the droplets of butanol would begin later in the 
compression stroke than ethanol resulting in less complete vaporization and consequently greater 
UHC emissions. Additionally, the Reid vapor pressure of butanol, which is lower than ethanol, 
also increases the difficulty of vaporization fuel droplets of butanol compared to ethanol [90]. 
Previous studies [65] on sprays of butanol, ethanol, and gasoline in a DISI engine found that, 
during the main injection stage, butanol was the most poorly atomized of the fuels and that 
butanol had a 20% lower peak value of the spray area at the end of injection than gasoline 
compared to 10% for ethanol. It was also found that butanol showed the slowest rate of decline 
in terms of spray area highlighting the “heavy” nature of butanol due to its high boiling point and 
latent heat of vaporization. With this is mind, it appears that the higher boiling point and lower 
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Reid vapor of butanol results in decreased vaporization leading to decreased combustion 
efficiency and higher UHC emissions. 
NOx emissions data, presented in Figure 3.10, show that the differences between butanol-
gasoline and ethanol-gasoline blended fuels are much less apparent than they were for UHC 
emissions. At engine speeds of 900 and 1500 RPM, both butanol and ethanol showed a similar 
dip in NOx emissions for 25% blends whereas at 1200 RPM both blends had similar NOx 
emissions to gasoline. As more alcohol was blended into gasoline, the trend varied depending on 
the engine speed. At 900 RPM the NOx emissions of B50 increased over the B25 blend whereas 
the NOx emissions of the E50 blend decreased slightly over the E25 blend. The NOx emissions 
of the B75 and E75 blends were virtually the same while decreasing over their respective 50% 
blends. When the neat fuels were used, the NOx emissions of butanol decreased slightly, while 
the NOx emissions of ethanol increased by the same amount. Thus, at 50% and 75%, ethanol 
produced less NOx emissions and at 25% and 100%, butanol produced less NOx emissions. At 
1200 RPM, the NOx emissions of the E50 blend increased substantially over the 25% blend and 
were higher than those of gasoline, whereas the NOx emissions of B50 continued to decrease 
over the B25 blend. As the percentage of ethanol was increased further, NOx emissions 
decreased linearly to end up only slightly higher than butanol for the neat fuels. The NOx 
emissions at 1500 RPM look similar to those at 900 RPM where E50 and E75 produced lower 
emissions than the respective butanol blends, while the neat alcohol fuels generated nearly 
identical NOx emissions. 
Based on these results, there is no definitive difference in NOx emissions as a function of 
alcohol content for butanol and ethanol. Previous studies have also shown mixed results. One 
study [36] found that neat ethanol produced slightly higher NOx emissions than neat butanol at 
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stoichiometry although both fuels offered reductions over gasoline while another which 
examined 20% blends of butanol and ethanol found that NOx emissions were both lower than 
gasoline while ethanol generated the lowest NOx emissions as a result of its low heating value at 
a given equivalence ratio [28]. The lower latent heat of vaporization and combustion temperature 
of ethanol which was evidenced by lower exhaust gas temperatures in [36] suggest that ethanol 
should produce significantly lower NOx emissions than butanol at all blending percentages. The 
cylinder pressure traces for G100, B100, and E100, which are presented in Figures 3.12-3.14, 
show that, at 900 RPM, the peak cylinder pressure of ethanol was slightly below that of gasoline, 
whereas the peak cylinder pressure of butanol was approximately 100 kPa lower. This is also 
apparent at 1200 RPM where NOx emissions were the highest for gasoline followed by neat 
ethanol and neat butanol. At 1500 RPM, the NOx emissions of neat ethanol and butanol were 
identical and it can be seen that their peak cylinder pressures were within a few kPa of each other 
although the pressure rose slightly faster for ethanol. With this in mind, ethanol generated 
slightly lower NOx emissions at certain engine speeds and blending ratios although the trend is 
far from clear. 
On the other hand, CO emissions, which are shown in Figure 3.11 for the three engine 
speeds, shown a much clearer trend. At all three engine speeds, both B25 and E25 produced 
higher CO emissions. At 900 RPM, as the concentration of alcohol was increased further, both 
ethanol and butanol produced lower NOx emissions. The B50 and E50 blends had identical CO 
emissions although the E75 and E100 blends produced 19.5% and 18.5% less CO emissions than 
B75 and B100, respectively. At 1200 RPM, CO emissions were also reduced as the 
concentration of alcohol was increased further with reductions of 8.3%, 12.8%, and 24.3% for 
E50, E75, and E100 over their butanol counterparts, respectively. The same behavior was 
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observed at 1500 RPM although there was a slight increase in CO emissions for E100. However, 
with the exception of the E25 blend, all ethanol-gasoline blended fuels offered reductions in CO 
emissions over gasoline, while only B75 produced less CO emissions than gasoline. Both the 
E50 and E100 blends produced 8.3% and 14.1% less emissions than the butanol-gasoline blends, 
respectively. 
From the stoichiometric combustion reactions [28] for gasoline (3.1), butanol (3.2), and 
ethanol (3.3), it can be been that increasing the alcohol content of the fuel will have a “leaning” 
effect on the engine due to the lower stoichiometric air-fuel ratios of oxygenated fuels, which 
will be greatest when the engine is fueled with neat ethanol. 
 
   (3.1) 
    (3.2) 
    (3.3) 
 
The reduction in CO emissions that ethanol provided over butanol is not surprising considering 
that ethanol consists of 34.8% oxygen by weight compared to 21.6% for butanol allowing greater 
conversion of CO in to CO2. A comparison between emissions of gasoline and 20% blends of 
butanol-gasoline, ethanol-gasoline, and methanol-gasoline in [28] showed that methanol-blended 
fuel had the lowest CO emissions followed by ethanol and butanol. Thus it can be concluded that 
ethanol offers a reduction in both CO and UHC emissions over butanol. 
 The pressure traces in Figures 3.12-3.14 for G100, B100, and E100, show that, compared 
to gasoline, both alcohol fuels, once ignited, reach their peak cylinder pressures faster than 
gasoline. Considering that the laminar flame speed of ethanol is faster than that of gasoline (~39 
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cm/s compared to ~33 cm/s) [3] and that butanol has a lower ignition delay which was discussed 
earlier, this is expected. However, comparison between the two alcohol fuels shows that, once 
ethanol is ignited, its pressure rises slightly faster than butanol which can easily be seen in the 
pressure traces for 900 and 1500 RPM. This is to be expected since the MBT spark timing for 
ethanol was retarded 1-2 CAD relative to the MBT spark timing for butanol. 
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Figure 3.9 UHC emissions of gasoline, the ethanol-gasoline blends, and the butanol-gasoline 
blends as a function of % alcohol by mass for 900 RPM (top), 1200 RPM (center), and 1500 
RPM (bottom) 
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Figure 3.10 NOx emissions of gasoline, the ethanol-gasoline blends, and the butanol-gasoline 
blends as a function of % alcohol by mass for 900 RPM (top), 1200 RPM (center), and 1500 
RPM (bottom) 
1000
1100
1200
1300
1400
1500
1600
1700
0 25 50 75 100
N
O
x 
(p
p
m
vo
l)
 
% Alcohol by mass 
Ethanol
Butanol
Gasoline
1000
1100
1200
1300
1400
1500
1600
1700
0 25 50 75 100
N
O
x 
(p
p
m
vo
l)
 
% Alcohol by mass 
Ethanol
Butanol
Gasoline
1000
1100
1200
1300
1400
1500
1600
1700
0 25 50 75 100
N
O
x 
(p
p
m
vo
l)
 
% Alcohol by mass 
Ethanol
Butanol
Gasoline
 59 
 
 
Figure 3.11 CO emissions of gasoline, the ethanol-gasoline blends, and the butanol-gasoline 
blends as a function of % alcohol by mass for 900 RPM (top), 1200 RPM (center), and 1500 
RPM (bottom) 
0.0
0.5
1.0
1.5
2.0
2.5
0 25 50 75 100
C
O
 (
%
 v
o
l)
 
% Alcohol by mass 
Ethanol
Butanol
Gasoline
0.0
0.5
1.0
1.5
2.0
2.5
0 25 50 75 100
C
O
 (
%
 v
o
l)
 
% Alcohol by mass 
Ethanol
Butanol
Gasoline
0.0
0.5
1.0
1.5
2.0
2.5
0 25 50 75 100
C
O
 (
%
 v
o
l)
 
% Alcohol by mass 
Ethanol
Butanol
Gasoline
 60 
 
 
Figure 3.12 Pressure traces for gasoline, ethanol, and butanol at 900 RPM 
 
 
Figure 3.13 Pressure traces for gasoline, ethanol, and butanol at 1200 RPM 
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Figure 3.14 Pressure traces for gasoline, ethanol, and butanol at 1500 RPM 
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3.4 Emissions of Blends of Butanol, Ethanol, and Isooctane on a Heating 
Value basis 
 In the previous two sections several butanol-gasoline and ethanol-gasoline blended fuels 
were compared in terms of UHC, NOx, and CO emissions to determine the relative impact 
butanol and ethanol content on emissions. However, as was discussed in the introduction, one of 
the benefits of butanol is that it has a much higher heating value than ethanol. Therefore, for a 
given mass of fuel injected into the engine, more energy is available when the engine is fueled 
with butanol, which can affect emissions substantially. The purpose of this section was to 
compare the emissions of both fuels on the basis of their heating values. In order to do this, a 
third fuel was needed to offset the lower heating value of ethanol. Since the gasoline used in the 
previous three sections contained an unknown amount of ethanol, its exact heating value was 
unknown. Isooctane was chosen as the third fuel since it has a heating value similar to gasoline 
allowing blends on the basis of the heating value of the fuel to easily be achieved. The effect of 
blending butanol and ethanol into isooctane on the heating value of the fuel is shown in Figure 
3.15 and the effect of blending butanol and isooctane into ethanol on the heating value of the fuel 
is shown in Figure 3.16. 
 Before looking at the results, it should be noted that the terms B25, B50, B75, and B100 
are used to denote the percentage of butanol (by mass) blended into gasoline and E25, E50, E75, 
and E100 are used to denote the percentage of ethanol (by mass) blended into gasoline while 
G100 represents pure gasoline. The first test focused on butanol-isooctane and ethanol-isooctane 
blends of the same heating value to determine whether butanol or ethanol has a greater impact on 
engine out emissions on the basis of their heating values. The second test focused on isooctane-
ethanol and butanol-ethanol blends of the same heating value to determine the relative effect on 
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engine out emissions of a fuel composed of only alcohols relative to a hydrocarbon-alcohol 
blended fuel. The fuel blends used for parts 1 and 2 and their respective heating values are shown 
in Table 3.1. It should be noted that all tests were done at an equivalence ratio of 1.05. 
 
Table 3.1 Fuel blends used in this section and their respective heating values 
Test Blend (by mass) 
Stoichiometric 
Air-Fuel Ratio 
Mole Fraction 
Oxygen 
Heating Value 
(MJ/kg) 
1 
62.5% Butanol 37.5% Isooctane 13 0.112 
36.62 
44.0% Ethanol 56.0% Isooctane 13.58 0.084 
2 
22.3% Isooctane 77.7% Ethanol 11.48 0.203 
30.72 
75.0% Butanol 25.0% Ethanol 10.75 0.245 
 
 The first set of blends, emissions of which are shown in Figure 3.17, will be discussed 
first. The UHC emissions for both fuels show that the butanol-blended fuel produced 
significantly higher UHC emissions than the ethanol-blended fuel at all three engine speeds. The 
comparison of UHC emissions of butanol and ethanol in section 3.3 which showed that butanol 
had higher UHC emissions at all three engine speeds. Taking into account the fact that the 
butanol-blended fuel consisted of a much higher percentage of alcohol, it is not surprising that 
UHC emissions were significantly higher at all three engine speeds. What is surprising, however, 
is that the NOx emissions of the butanol-isooctane blend were 5-10% higher than the ethanol-
isooctane blend at the three engine speeds. While the combustion temperature of ethanol is 
significantly lower, as discussed previously, addition of butanol to the fuel also decreases 
combustion temperatures as evidenced by lower NOx emissions as the concentration of butanol 
in gasoline was increased in the previous section. Bearing in mind that, on a mass basis, 
approximately 20% more alcohol is present in the butanol-isooctane blend, it appears that on the 
basis of heating value and for constant engine output, ethanol resulted in lower UHC and NOx 
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emissions than butanol. However, the reason for the increased NOx emissions is clear looking at 
traces of in cylinder pressure for the two fuels at 900 RPM shown in Figure 3.19. The butanol-
blended fuel takes 4 CAD longer than the ethanol-blended fuel to reach peak cylinder pressure 
and, since the engine output is the same for both fuels, a greater peak cylinder pressure occurred 
as a result of the increased intake MAP used for the butanol-blended fuel which was required for 
both fuels to generate the same engine output. Since the peak cylinder pressure is higher for the 
butanol-blended fuel, NOx emissions are higher as a result. The CO emissions for the two fuels 
show that the butanol-blended fuel also resulted in increased CO emissions ranging from 7.5 to 
13.5%. The results in the previous section showed that the increased oxygen content of ethanol 
over butanol resulted in decreased CO emissions. Thus it is not surprising that the ethanol-
blended fuel resulted in lower CO emissions. Based on the UHC, NOx, and CO emissions 
measurements, it appears that ethanol is much more beneficial on the basis of the heating value 
of the fuel for a give engine output as evidenced by decreased UHC, NOx, and CO emissions.  
The second set of fuels which consisted of an isooctane-ethanol and a butanol-ethanol 
will now be examined. UHC, NOx, and CO emissions are shown in Figure 3.18 while a pressure 
trace for the two fuels at 900 RPM is shown in Figure 3.20. Looking first at the UHC emissions, 
the butanol-ethanol fuel produced 137%, 86%, and 101% more UHC emissions than the 
isooctane-ethanol fuel at 900, 1200, and 1500 RPM, respectively. While this is to be expected, 
considering the percentage of the blend composed of butanol and the UHC emissions produced 
by high concentrations of butanol, what is extremely interesting is that the butanol-ethanol fuel 
produced 36%, 31%, and 28% higher UHC emissions than neat butanol at 900, 1200, and 1500 
RPM, respectively, suggesting that addition of 25% ethanol to neat butanol has an extremely 
detrimental effect on the combustion efficiency. This result is unexpected in view of that neat 
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ethanol produced significantly less UHC emissions than neat butanol. However, taking into 
consideration the boiling temperatures and the Reid vapor pressures of the two fuels, it is 
possible that the lower boiling temperature and higher Reid vapor pressure of ethanol gives it 
preferential vaporization over butanol. Additionally, the higher latent heat of vaporization of 
ethanol would further reduce in cylinder temperatures as it vaporized, pushing the temperatures 
required for butanol vaporization further into the compression stroke. This would ultimately 
decrease the amount of time available for the butanol droplets to vaporize leading to greater 
incomplete combustion and consequently greater UHC emissions. Further research is definitely 
warranted to determine if this is the case and how much of an effect ethanol has on the 
vaporization of butanol. 
NOx emissions are also higher for the alcohol-blended fuel which suggests higher peak 
cylinder pressures. This is corroborated by the pressure trace in Figure 3.20 which shows that the 
alcohol fuel had a slightly higher peak cylinder pressure. However, considering the combustion 
temperatures of butanol and ethanol compared to hydrocarbon fuels, the reason behind this 
increase in NOx emissions is quite unclear. Additionally, compared to the NOx emissions of neat 
butanol, the alcohol blend tested here increases NOx emissions by 22%, 32%, and 27% at 900, 
1200, and 1500 RPM, respectively. It is certainly possible that the addition of ethanol, which has 
a shorter combustion duration than butanol, accelerates the combustion of the butanol over neat 
form leading to increased cylinder pressures and temperatures and, as a result, greater NOx 
emissions. 
Lastly, regarding CO emissions, the alcohol-blended fuel results in a reduction in CO 
emissions by 11%, 33%, and 23% at engine speeds of 900, 1200, and 1500 RPM, respectively. In 
view of the additional oxygen content of the alcohol fuels, the reduction in CO emissions is 
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expected. Comparison of the CO emissions to neat butanol shows that the alcohol-blended fuel 
tested here resulted in reductions of 21% at 900 RPM, 53% at 1200 RPM, and 41% at 1500 RPM 
due to the increased oxygen content of ethanol which comprises 25% of the blend. 
 
 
Figure 3.15 Heating values of butanol-isooctane and ethanol-isooctane blends 
 
 
Figure 3.16 Heating values of isooctane-ethanol and butanol-ethanol blends 
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Figure 3.17 Comparison of the UHC emissions (top), NOx emissions (center), and CO emissions 
(bottom) for butanol-isooctane and ethanol-isooctane blends of the same heating value at 900, 
1200, and 1500 RPM 
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Figure 3.18 Comparison of the UHC emissions (top), NOx emissions (center), and CO emissions 
(bottom) for isooctane-ethanol and butanol-ethanol blends of the same heating value at 900, 
1200, and 1500 RPM 
0
200
400
600
800
1000
1200
900 1200 1500
U
H
C
 (
p
p
m
vo
l)
 
Engine speed (RPM) 
Isooctane
-Ethanol
Butanol-
Ethanol
0
200
400
600
800
1000
1200
1400
1600
1800
2000
900 1200 1500
N
O
x 
(p
p
m
vo
l)
 
Engine speed (RPM) 
Isooctane
-Ethanol
Butanol-
Ethanol
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
900 1200 1500
C
O
 (
%
vo
l)
 
Engine speed (RPM) 
Isooctane
-Ethanol
Butanol-
Ethanol
 69 
 
 
Figure 3.19 Pressure traces for butanol-isooctane and ethanol-isooctane blended fuels of the 
same heating value at 1200 RPM 
 
 
Figure 3.20 Pressure traces for isooctane-ethanol and butanol-ethanol blended fuels of the same 
heating value at 1200 RPM 
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Chapter 4 
Electrostatically Assisted Injection of Butanol 
4.1 High load (90 kPa), Lean operation 
 Differing voltage limitations were found depending on the configuration of the applied 
voltage. When the positive terminal was connected to the charge electrode (positive 
configuration) a maximum of 2000 V could be applied. When the positive terminal was 
connected to the extraction ring (negative configuration) a maximum of only 500 V could be 
applied. It should also be noted that application of a charge seemed to increase the amount of 
fuel injected for a given injector pulse width. With the injector pulse width held constant and no 
charge applied to the injector, the equivalence ratio was 0.952. When 1000 V was applied to the 
injector, the equivalence ratio was 0.957 and when 2000 V was applied, the equivalence ratio 
was 0.962. While this is a relatively small change, it was consistently noted at these test 
conditions. 
 In order to show the difference between charged and non-charged operation, the 
difference in cylinder pressure between each of the charged-spray cases and the pressure 
measured for the non-charged case is shown as a function of crank angle for applied voltages of  
-500, 1000, and 2000 V in Figure 4.1 for an equivalence ratio of 0.87. The pressure 
measurements taken at an equivalence ratio of 1.05 showed similar trends. All three applied 
voltages displayed a notable increase in cylinder pressure. When -500 V was applied to the 
injector, the maximum cylinder pressure increased by approximately 170 kPa. With 1000 V 
applied to the injector, cylinder pressure increased by 435 kPa. When the voltage was increased 
to 2000 V, the cylinder pressure rose by just under 600 kPa, an increase of more than 10% over 
uncharged operation. This result is consistent with the hypothesis that application of a charge to a 
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conductive fuel spray results in the production of smaller droplets since smaller droplets would 
combust much faster leading to increased cylinder pressure. However, it should be noted that 
Figure 4.1 includes the effects of the increase in fuel delivered to the engine discussed 
previously. 
 Figure 4.2 shows the unburned hydrocarbon (UHC), nitrogen oxide (NOx), and carbon 
monoxide (CO) emissions at both equivalence ratios for the uncharged injection and voltages of -
500, 1000, and 2000 V applied to the fuel injector. At an equivalence ratio of 0.95, UHC 
measurements were highest without a voltage applied to the injector and decreased by 
approximately 1.5% with -500 V applied, 2% with 1000 V applied, and 4% with 2000 V. The 
change was much smaller but still noticeable at an equivalence ratio of 0.87 with a decrease of 
approximately 1.5% with -500 V applied, 0.5% with 1000 V applied, and 1.5% with 2000 V 
applied. Based on these results, it appears that the application of an electrostatic charge to the 
fuel spray is decreasing droplet size leading to increased combustion efficiency and decreased 
UHC emissions. 
 Keeping in mind the HC/NOx trade off, which demonstrates that a reduction in UHC 
emissions means that more of the fuel is consumed leading to higher cylinder pressures resulting 
in greater NOx formation, an inverse trend for NOx emissions should be apparent and indeed this 
is the case. At an equivalence ratio of 0.95, NOx emissions increased by approximately 3.5% 
with -500 V applied, 5% with 1000 V applied, and 13.5% with 2000 V applied to the injector. 
This trend is similar an equivalence ratio of 0.87 with an increase of 3% with -500 V applied, 
11% with 1000 V applied, and 13% with 2000 V applied. This inverse relationship also supports 
the trend that application of a charge to the injector helps to better atomize the fuel leading to 
decreased UHC emissions and consequently greater NOx emissions. CO emissions, which are 
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another indication of incomplete combustion, were also reduced by the application of a voltage 
to the injector. Since there are less UHC emissions, more of the fuel is burned which, since the 
fuel is partially oxidized, means that there is more free oxygen in the exhaust gases to form CO2 
thus reducing CO emissions. At an equivalence ratio of 0.95, application of -500 V resulted in a 
decrease of 4% while application of 1000 and 2000 V resulted in reductions of 6% and 13.5%, 
respectively. This trend is less apparent when the air-fuel mixture is leaned, with only 2000 V 
showing a reduction of 13.5% at an equivalence ratio of 0.87.  
Figure 4.3 shows the changes in UHC, CO, and NOx emissions relative to uncharged 
operation for the three voltages tested. For both equivalence ratios it can be seen that all three 
applied voltages resulted in measureable reductions in UHC emissions and corresponding 
increases in NOx emissions. There is also a corresponding decrease in CO emissions although 
this is less apparent at an equivalence ratio of 0.87. Comparison between the three applied 
voltages show that application of 2000 V leads to the biggest reduction in emissions in most 
cases. Comparison between the two applied voltages in the positive configuration (1000 and 
2000 V) and the applied voltage in the negative configuration (-500 V) shows there is no 
indication that application of a negative charge dramatically increased charge transfer to the fuel 
spray as was found in the previous work discussed in Chapter 2.  
A brief mention regarding the margin of error for the measurements of UHC, CO, and 
NOx emissions is warranted. Based on the measurements in Chapter 3.1, the standard deviation 
at 900 RPM was 1.6% for UHC emissions, 8.1% for NOx emissions, and 4.1% for CO 
emissions. Assuming that these standard deviations hold for the measurements in this section, it 
can be concluded that, while the measurements for 1000 V and -500 V fall within this margin of 
error in a few places (UHC and NOx emissions at an equivalence ratio of 0.87), the 
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measurements obtained when 2000 V fall well outside this margin of error and thus are 
considered statistically significant. 
 
  
Figure 4.1 Pressure increase with respect to operation with the non-charged spray for applied 
voltages of -500, 1000, and 2000 V at an equivalence ratio of 0.87 (the maximum pressure for 
the non-charged injection was 5550 kPa) 
900 RPM and 90 kPa
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Figure 4.2 UHC (top), NOx (center), and CO (bottom) emissions at two equivalence ratios (lean 
region), for the non-charged injection and applied voltages of -500, 1000, and 2000V  
900 RPM and 90 kPa 
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Figure 4.3 Changes in UHC, NOx, and CO emissions over uncharged operation for equivalence 
ratios of 0.95 (top) and 0.87 (bottom) for applied voltages of -500, 1000, and 2000V  
900 RPM and 90 kPa 
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4.2 Low load (70 kPa), Lean operation 
 While the results at 900 RPM and 90 kPa did not indicate a substantial change, they 
certainly showed promise for reducing the UHC emissions of butanol through the use of 
electrostatically assisted sprays. As was discussed earlier, previous work found that the effect of 
electrostatically charging the fuel spray was most apparent when the engine was operating at low 
speed and low load. With this in mind, the intake MAP was reduced to 70 kPa and the test was 
repeated to see if there was a greater impact on emissions. 
 It should first be noted that at an equivalence ratio of 0.87, only 1000 V could be applied 
to the injector in the positive configuration while the maximum in the negative configuration 
remained at -500 V. When 2000 V was applied, the high voltage power supply would reset to 
standby mode similar to what happened if the voltage limits found in section 4.1 were exceeded. 
In addition, similar to what was found with the load at 90 kPa, increasing the voltage applied to 
the injector corresponded to an increase in equivalence ratio. With no charge applied to the 
injector, equivalence ratio was 0.953. When 1000 V or 2000 V were applied to the injector, the 
equivalence ratio increased to 0.969. However, this was not the case when voltage was applied in 
the negative configuration and no change in equivalence ratio was measured when -500 V was 
applied. This was also the case when the air-fuel ratio was leaned. The equivalence ratio was 
0.863 with no charge or -500 V applied and 0.886 with 1000 V or 2000 V applied. 
 However, looking at the in-cylinder pressure measurements shown in Figure 4.4 for an 
equivalence ratio of 0.87 which shows the difference between charged and non-charged 
operation pressure traces, it immediately becomes apparent that, contrary to the results in section 
4.1, application of a voltage to the fuel spray has an adverse effect on the in-cylinder pressure. 
Application of 1000 V led to a decrease in peak cylinder pressure of approximately 192 kPa, a 
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reduction of 5.5% and application of -500 V resulted in a decrease of 210 kPa, a reduction of 
6%. These results, coupled with the increased amount of fuel delivered to the engine as discussed 
above, suggest that the charge transfer to the fuel spray is increasing the droplet size leading to 
decreased combustion efficiency and lower peak cylinder pressure. If this is the case, UHC and 
CO emissions should be higher and NOx emissions should be lower. 
 Figure 4.5 shows UHC, NOx, and CO emissions at both equivalence ratios for non-
charged and charged operation. At equivalence ratios of 0.95 and 0.87, contrary to the results in 
the previous section, UHC emissions were lowest without a voltage applied. For an equivalence 
ratio of 0.95, UHC emissions increased by 3.7% when 1000 V were applied and 4.2% when 
2000 V or -500 V were applied. The increase was even greater at an equivalence ratio of 0.87 
where application of 1000 V led to an increase of 3.8% and -500 V resulted in an increase of 
12.1%. The inverse trend in NOx emissions is apparent at both equivalence ratios with 
reductions of 4.5%, 7.7%, and 8.5% measured for applied voltages of 1000 V, 2000 V, and -500 
V, respectively at an equivalence ratio of 0.95 and reductions of 12.6% and 3.5% measured for 
applied voltages of 1000 V and -500V, respectively at an equivalence ratio of 0.87. This inverse 
relationship also supports the hypothesis that, at this engine speed and load, application of an 
electrostatic charge to the fuel injector increases UHC emissions leading to increased NOx 
emissions. The CO emissions data also supports this. At an equivalence ratio of 0.95, CO 
emissions increased by 5.7%, 11.3%, and 7.5% for applied voltages of 1000 V, 2000V, and -500 
V, respectively at an equivalence ratio of 0.95 and 13.5% and 2.7% for applied voltages of 1000 
V and -500 V, respectively at an equivalence ratio of 0.87.  
 A quick look at Figure 4.6 which compares the relative changes in UHC, NOx, and CO 
emissions for the two equivalence ratios tested shows that electrostatically assisted injection 
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appears to have a negative effect on fuel atomization. While this result may seem 
counterintuitive based on previous work which showed the effect of electrostatically assisted 
injection to be most prevalent at short injector pulse widths, the previous work also showed that, 
in certain cases, application of an electrostatic charge to the fuel spray increased droplet size 
slightly although this was accompanied by a significant reduction in droplet size variation [53]. 
Based on the data presented in this section, it certainly appears that application of a voltage to the 
fuel spray leads to an increase in droplet size although the results in the previous section seem to 
directly contradict this. However, in the previous section engine load is 20 kPa higher and, 
comparing the maximum pressures for uncharged operation at an equivalence ratio of 0.87 for 
the two loads, it can be seen that this results in an increase of approximately 2100 kPa. This 
increased cylinder pressure corresponds to increased cylinder temperatures resulting in increased 
intake value temperatures. With this in mind, it appears that, although droplet sizes were slightly 
larger, the temperature of the intake valve at 90 kPa was high enough to effectively vaporize 
these droplets and the reduction in UHC and CO emissions stemmed from the reduction in 
droplet size variation (i.e. the number of very large fuel droplets that could not be fully vaporized 
before combustion was reduced leading to decreased UHC emissions). However, at 70 kPa, the 
temperature of the intake valve would be much lower leading to decreased droplet vaporization 
prior to combustion. It appears that the slight increase in fuel droplet size due to application of a 
charge to the fuel spray was large enough to exceed the intake valve’s ability to fully vaporize 
the droplets leading to increased UHC and CO emissions and, consequently lower NOx 
emissions. 
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Figure 4.4 Pressure decrease with respect to operation with the non-charged spray for applied 
voltages of -500 and 1000 V at an equivalence ratio of 0.87 (the maximum pressure for the non-
charged injection was 3409 kPa) 
900 RPM and 70 kPa  
 80 
 
 
 
 
Figure 4.5 UHC (top), NOx (center), and CO (bottom) emissions at two equivalence ratios (lean 
region), for the non-charged injection and applied voltages of -500, 1000, and 2000V  
900 RPM and 70 kPa 
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Figure 4.6 Changes in UHC, NOx, and CO emissions over uncharged operation for equivalence 
ratios of 0.95 (top) and 0.87 (bottom) for applied voltages of -500, 1000, and 2000V  
900 RPM and 70 kPa 
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4.3 Low load (70 kPa), Rich operation 
 The objective of the final section of this chapter was to examine the effect of 
electrostatically assisted injection at equivalence ratios less than stoichiometry (rich). While 
previous studies [53] have suggested that the effect of electrostatically assisted injection was the 
most pronounced at lower speeds and loads as a result of their shorter injector pulse widths, the 
data from the previous section show that this is not always the case. With the engine running 
rich, the injector pulse width would be significantly higher in addition to increased UHC and CO 
emissions and, depending on the equivalence ratio, lower NOx emissions. Since UHC and CO 
emissions were higher, it was expected that the effects of applying a voltage to the fuel spray on 
these emissions would be increased. 
 It should first be noted that for both equivalence ratios tested (1.18 and 1.05), UHC 
emissions were in excess of 3,000 ppmvol. While the emissions analyzer is capable of measuring 
UHC emissions up to 10,000 ppmvol, the readings on the analyzer continued to steadily rise and 
no stable value was reached before the filters on the emissions analyzer became clogged. 
Moreover, as the readings increased above 3,000 ppmvol, the resolution of the analyzer 
decreased from 1 ppmvol to 10 ppmvol, thus further decreasing the accuracy of the 
measurements. Because of these two issues, the UHC emissions measurements were omitted 
from this section. Another thing that should be noted is that, when the engine ran rich of 
stoichiometry, the maximum voltage that could be applied in the positive configuration was   
2000 V compared to 1000 V when the engine was run lean of stoichiometry. The maximum 
voltage that could be applied in the negative configuration remained at -500 V. Lastly, it should 
be noted that, similar to the previous two sections, the application of a voltage to the fuel injector 
caused the engine to run richer. Without an applied charge, the equivalence ratio was 1.167. 
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When 1000 V was applied this increased to 1.172 and when -500 or 2000 V was applied it 
increased further to 1.181. This effect was not noticeable at an equivalence ratio of 1.05. 
 From the cylinder pressure measurements shown in Figure 4.7 for an equivalence ratio of 
1.05 which shows the difference between charged and non-charged operation pressure traces, it 
is immediately apparent that, contrary to the results in section 4.2, the application of a voltage to 
the fuel spray resulted in an increase in cylinder pressure similar to the results in section 4.1. 
Peak cylinder pressures increased by 349 kPa (7.1%) for 1000 V, 384 kPa (7.8%) for 2000 V and 
246 kPa (5.0%) for -500 V. This suggests that, for these operating conditions, charging the fuel 
spray leads to increased atomization and evaporation leading to more efficient combustion 
although this cannot be verified due to the absence of measurements of UHC emissions. In the 
context of the discussion of the previous section, the decreases in cylinder pressure and NOx 
emissions and increases in UHC and CO emissions were attributed to slightly increased droplet 
size and a reduction in the number of droplets that could not be vaporized as effectively at 
decreased engine load as a result of a cooler intake valve. This is also supported by [53]. With 
this in mind, it appears that running the engine rich of stoichiometry resulted higher cylinder 
pressures and temperatures which, based on the in cylinder pressure measurements, were high 
enough to effectively vaporize the slightly larger fuel droplets produced by application of a 
voltage to the fuel spray. If this is the case then NOx emissions should increase (higher peak 
cylinder pressure) and CO emissions decrease (increased combustion of butanol leading to 
increased oxygen for the conversion of CO into CO2). 
 However, NOx and CO emissions, shown in Figure 3.8 suggest that the electrostatic 
assistance of the atomization affects combustion quality in an adverse manner as evidenced by 
higher CO emissions and lower NOx emissions. NOx emissions decreased by 0.8%, 3.8% and 
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5.3% for applied voltages of 1000, 2000, and -500 V, respectively at an equivalence ratio of 1.05 
while CO emissions increased by 3.7%, 12.5%, and 8.4% for the same voltages. As the air-fuel 
mixture was further richened, NOx emissions decreased by 3.6%, 5.7%, and 3.6% for applied 
voltages of 1000, 2000, and -500 V, respectively, while CO emissions increased by 4.2% when 
1000 V was applied and 7.6% when 2000 or -500 V was applied. From the emissions data shown 
in Figure 4.9, it can be seen that a decrease in NOx emissions corresponds to a proportional 
increase in CO emissions. The smallest increase in NOx and proportional decrease in CO 
emissions resulted from 1000 V applied to the injector while applied voltages of -500 and 2000 
V showed similar changes in emissions suggesting that, at these test conditions, 500 V applied in 
the negative configuration had a similar effect on engine emissions to an applied voltage of 2000 
V in the positive configuration. Based on these results, it appears that, similarly to the previous 
section, the applied voltage led resulted in the production of larger droplets as evidenced by 
increased CO and decreased NOx emissions.  
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Figure 4.7 Pressure increase with respect to operation with the non-charged spray for applied 
voltages of -500 and 1000 V at an equivalence ratio of 1.05 (the maximum pressure for the non-
charged injection was 4939 kPa) 
900 RPM and 70 kPa  
 86 
 
 
  
Figure 4.8 NOx (top) and CO (bottom) emissions at two equivalence ratios (rich region), for the 
non-charged injection and applied voltages of -500, 1000, and 2000V  
900 RPM and 70 kPa 
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Figure 4.9 Changes in UHC, NOx, and CO emissions over uncharged operation for equivalence 
ratios of 1.18 (top) and 1.05 (bottom) for applied voltages of -500, 1000, and 2000V  
900 RPM and 70 kPa 
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Chapter 5 
Conclusions and Recommendations for Future Work 
5.1 Summary and Conclusions 
 The emissions characteristics of butanol and its reduction using electrostatically assisted 
injection were experimentally investigated using a spark ignition engine. The work can be 
divided into two separate areas, which consisted of an analysis of the emissions of several 
butanol-gasoline blended fuels and a comparison to the emissions of ethanol-gasoline blended 
fuels and the use of electrostatically assisted injection as a means of decreasing UHC emissions 
by altering the droplet sizes produced by the fuel spray. 
 
 5.1.1 Emissions of Butanol-blended fuels 
 Several butanol-gasoline blends ranging from pure gasoline to neat butanol were tested 
using a spark ignition engine in order to determine the effect of butanol on UHC, CO, and NOx 
emissions at three engine speeds. Engine torque was held constant between the various blends 
and was achieved by adjusting the intake manifold pressure of the engine with spark timing set to 
MBT timing. The emissions of the butanol-gasoline blends were then compared against the 
emissions of several ethanol-gasoline blends to determine the relative effect butanol had on 
engine emissions. The final section focused on blends of ethanol-isooctane and butanol-isooctane 
which were blended so that both fuels had the same heating value to determine, on a heating 
value basis, which fuel resulted in the highest UHC, NOx, and CO emissions. The second set of 
blends was also blended on the basis of the heating values of the individual fuels and consisted 
of an isooctane-ethanol blend and a butanol-ethanol blend allowing a comparison between a 
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hydrocarbon-alcohol fuel and a fuel composed of only alcohols to determine the relative effect 
on engine emissions. 
 Comparison of the butanol-gasoline blends showed that, as the concentration of butanol 
was increased, the UHC emissions decreased slightly for 25% butanol blend but increased 
rapidly for the other three fuels. It was found that neat butanol produced 128%, 84%, and 105% 
more UHC emissions that pure gasoline at engine speeds of 900, 1200, and 1500 RPM, 
respectively. The increasing UHC emissions were attributed to the increased boiling temperature 
and latent heat of vaporization of butanol which suggest that butanol has difficultly vaporizing 
completely as evidenced by previous studies on the sprays of butanol [65] leading to decreased 
combustion efficiency and increased UHC emissions. NOx emissions were shown to decrease as 
the concentration of butanol was increased, a factor attributed to the lower combustion 
temperature of butanol compared to gasoline leading to lower peak cylinder pressures and 
decreased NOx formation as a result, which was corroborated by cylinder pressure traces. CO 
emissions also showed a reduction as the concentration of butanol was increased as a result of 
the additional oxygen present in alcohol fuels such as butanol which is 21.6% oxygen by weight. 
Cylinder pressure traces showed that the cylinder pressures increased much more rapidly as the 
percentage of butanol was increased as a result of the lower ignition delay and combustion 
duration of butanol compared to gasoline. 
 When the emissions of the butanol-gasoline blended fuels were compared against those 
of several ethanol-gasoline blended fuels, it was found that the butanol fuels produced higher 
UHC emissions at all blend ratios for all three engine speeds. The UHC emissions of neat 
butanol were 35% higher at 900 RPM, 50% higher at 1200 RPM, and 20% higher at 1500 RPM 
than the UHC emissions of neat ethanol. Based on these results and, bearing in mind the lower 
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boiling temperature and higher Reid vapor pressure of ethanol compared to butanol, it appeared 
that butanol had much more difficultly fully vaporizing prior to combustion leading to decreased 
combustion efficiency and increased UHC emission as a result. Comparison of the NOx 
emissions of the two alcohols showed no definitive trend between the two fuels which was 
unexpected considering the lower combustion temperature of ethanol compared to butanol. With 
the exception of the 25% blends which showed ethanol produced slightly higher CO emissions 
than butanol, the CO emissions of the ethanol were the same as or lower than the corresponding 
blends containing butanol. Also noted was that the difference between the two blends increased 
as the amount of alcohol was increased. Considering that ethanol is 34.8% oxygen by weight 
compared to 21.6% for butanol, the increased oxygen availability would increase the conversion 
of CO into CO2. 
 Comparison of the two alcohols on the basis of their heating values showed that butanol-
blended fuel produced higher UHC, NOx, and CO emissions compared to the ethanol-blended 
fuel. Considering the butanol-isooctane blend consisted of approximately 20% more alcohol by 
mass, the increase in UHC emissions was expected. Even though less alcohol was present in the 
ethanol-isooctane blend, the lower combustion temperature of ethanol was enough to reduce the 
CO emissions over the butanol-isooctane blend. Comparison of the pressure traces of the two 
fuels showed that the slower ignition delay and burning rate of butanol compared to ethanol 
required the intake MAP to be increased for the butanol-isooctane blend in order to produce the 
same torque output. This increased peak cylinder pressure of the butanol blend thus 
corroborating the increased NOx emissions. 
 The data for the second set of blends which consisted of an isooctane-ethanol blend and a 
butanol-ethanol blend of the same heating value showed that, on the basis of the heating values 
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of the fuels, the alcohol-blended fuel produced 137%, 86%, and 101% more UHC emissions than 
the hydrocarbon-alcohol fuel at engine speeds of 900, 1200, and 1500 RPM, respectively. 
Moreover, it was found that the butanol-ethanol blend produced 36%, 31%, and 28% higher 
UHC emissions than neat butanol at 900, 1200, and 1500 RPM, respectively, suggesting that the 
addition of 25% ethanol to neat butanol has an extremely detrimental effect on combustion 
efficiency. Taking into account the latent heats of vaporization, boiling temperatures, and Reid 
vapor pressures of the two fuels, it appeared that ethanol had preferential vaporization over 
butanol thus further reducing the time available for the butanol fuel droplets to vaporize during 
the compression stroke. NOx emissions were also higher for the alcohol-blended fuel, 
corroborated by cylinder pressure traces which showed that the alcohol-blended fuel had slightly 
higher peak cylinder pressure as a result of its lower ignition delay and burning rate. It was also 
established that CO emissions decreased for the butanol-ethanol blended fuel as a result of its 
greater oxygen content. 
 
 5.1.2 Electrostatically Assisted Injection of Butanol 
 The second part of this thesis focused on the use of electrostatically assisted injection as a 
means of decreasing the already high UHC emissions produced by neat butanol. A charge 
electrode designed with an insulation layer was fabricated to fit over the tip of the fuel injector. 
In order to install the injector, a plastic intake manifold identical to the original aluminum 
manifold was rapid prototyped and included a grounded extraction ring that sat approximately 3 
mm away from the extraction ring in order to strengthen the electric field. Previous studies [52-
53, 69-70] using the same electrospray injector which examined the spray characteristics found 
that, at lower injection pressures and with a charge of 3 kV applied to the injector, the spray 
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emerged faster and had a greater cone angle and penetration compared to the non-charged spray. 
Additionally, engine tests using the same injector and engine fueled with ethanol showed that, at 
lower intake manifold pressures, UHC emissions were consistently lower and NOx emissions 
consistently higher when a charge was applied to the injector electrode and it was concluded that 
electrostatic charging improved spray atomization and mixing. 
 The results were varied depending on the operating condition of the engine. At an engine 
speed of 900 RPM, load of 90 kPa, and lean of stoichiometry, it was found that all three applied 
voltages increased in cylinder pressure by up 10% and corresponded to increases in NOx 
emissions of ranging from 3.5-13.5% at an equivalence ratio of 0.95 and 3-13% at an 
equivalence ratio of 0.87. Additionally, UHC emissions decreased between 1.5-4% at an 
equivalence ratio of 0.95 and between 0.5-1.5% at an equivalence ratio of 0.87 which indicated 
increased combustion efficiency and CO emissions decreased between 4-13.5% at an 
equivalence ratio of 0.95 while an equivalence ratio of 0.87 only showed a reduction of 13.5% 
when 2000 V was applied to the injector indicating more complete combustion of the alcohol 
fuel and greater conversion of CO to CO2. Based on these results, that application of a voltage to 
the fuel spray enhanced droplet atomization leading to increased combustion efficiency. It should 
also be noted that there was no indication that application of a negative voltage dramatically 
increased charge transfer to the fuel spray as was found in the previous work discussed in 
Chapter 2. 
 When the engine load was decreased to 70 kPa, the effect of electrostatic assistance was 
exactly the opposite of the effects at 90 kPa. As the applied voltage was increased, the maximum 
in-cylinder pressure dropped by up to 6.0% with the application of -500 V. It was also found that 
2000 V could not be applied to the injector at this load for an equivalence ratio of 0.87. UHC 
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emissions increased by up to 4.2% at an equivalence ratio of 0.95 and by up to 12.1% at an 
equivalence ratio of 0.87. Additionally, NOx emissions increased by up to 8.5% at an 
equivalence ratio of 0.95 and by up to 12.6% at an equivalence ratio of 0.87 and CO emissions 
increased by up to 11.3% at an equivalence ratio of 0.95 and by up to 13.5% at an equivalence 
ratio of 0.87. Based on these results, it appeared that application of an electrostatic charge to the 
fuel spray resulted in increased fuel droplet sizes.  
 Previous studies [53] showed that, in certain cases, application of an electrostatic charge 
to the fuel led to a small increase in average droplet size although this was accompanied by a 
significant reduction in droplet size variation. Looking at the data from this section, it was put 
forward that application of a voltage to the fuel spray leads to an increase in droplet size. In the 
previous section engine load was 20 kPa higher and, comparing the maximum pressures for 
uncharged operation at an equivalence ratio of 0.87 for the two loads, it can be seen that this 
results in an increase of approximately 2100 kPa and, consequently, increased cylinder 
temperatures leading to increased intake value temperatures.  
 It appeared that the temperature of the intake valve at 90 kPa was high enough to 
effectively vaporize these slightly larger droplets and the reduction in UHC and CO emissions 
stemmed from the reduction in droplet size variation (i.e. the number of very large fuel droplets 
that could not be fully vaporized before combustion was reduced). However, at 70 kPa, the 
temperature of the intake valve was much lower leading to decreased droplet vaporization prior 
to combustion. The data suggests a slight increase in fuel droplet size due to application of a 
charge to the fuel spray. If this was the case then this increase in droplet size may have been 
large enough to exceed the ability of the intake valve to fully vaporize the droplets leading to 
increased UHC and CO emissions and, consequently lower NOx emissions. 
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5.2 Recommendations for Future Research 
 On matters that related first to Chapter 3, which focused emissions of butanol-blended 
fuels, there are a number of areas that still need to be investigated. It was established that use of 
neat butanol approximately doubles the UHC emissions of gasoline. Methods of reducing the 
disparity between the two need to be investigated. This study as a whole provided strong 
indications that butanol appears to suffer from issues with evaporation of the fuel droplets. Thus 
future research should focus on investigating of means of increasing the vaporization rate of the 
butanol compared to gasoline and ethanol. One such possibility is heating the fuel prior to 
injection which could easily be achieved using the high temperature exhaust gases. If neat 
butanol is used, then the fuel could be preheated to slightly below the 118°C boiling temperature 
allowing the fuel to vaporize more completely when it impinges on the hot intake valve. Another 
such method of reducing UHC emission would be the use of multiple fuel injectors optimized to 
run at lower flow rates instead of a single injector designed for a much higher flow rate required 
for high speed, high load conditions. When the engine runs at low engine speeds and loads, the 
second fuel injector could be disabled, allowing the first injector to run at its optimized flow rate 
and the second injector could be used to meet the fuel requirements for high speed, high load 
operation. This would likely result in smaller droplet sizes compared to a large injector running 
at short pulse width. Additionally, further examination of the effect that the addition of ethanol to 
butanol had on UHC emissions is warranted to better understand how the ethanol affects the 
vaporization of butanol. 
In regard to electrostatically assisted injection, it was apparent that at certain operating 
conditions, the application of an electrostatic charge to the fuel spray slightly increased 
combustion efficiency leading to increased cylinder pressure and NOx emissions and decreased 
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UHC and CO emissions although the effect was reversed at other operating conditions. Based on 
these results and previous results [53], it appears that, with this setup, the amount of charge 
transferred to the spray is only on the order of a few nC and is severely limited by the amount of 
voltage that can be applied to the injector. In order to enhance the electrostatic effect, a new 
injector needs to be designed from the ground up with the use of electrostatic charge to control 
the fuel spray central to the new design.  
Shrimpton and Yule [76-77] designed a fuel injector which incorporated a single sharp 
electrode (radius of 60 μm) contained inside the fuel injector as shown in Figure 5.1 and found 
that application of 12 kV caused the electrostatic spraying of kerosene. Numerical simulations on 
the application of charged sprays to DISI engines [78] showed that the application of an electric 
charge to the fuel spray resulted in spray expansion throughout the engine cylinder in the time 
available between injection and ignition. Hetrick and Parsons [67] developed a similar 
electrospray fuel injector similar to the one used in this thesis  which incorporated a cathode with 
a sharp circumferential edge (on the order of several μm) machined from tungsten rod as shown 
in Figure 5.1 and found a 10-25% reduction in Sauter Mean Diameter (SMD) due to injecting an 
electric charge. Another possibility is the use of several small electrosprays such as those tested 
by Gomez et al. [81-82] which have the potential to be used in automotive applications. Of 
particular interest to internal combustion engines is the fact that electrosprays operating in the 
cone-jet mode produce practically monodisperse sprays, allowing droplet sizes to be controlled 
by the mass flow rate of the spray [83].  This would allow droplet size to be adjusted depending 
on the operating condition of the engine. Tested designs were microfabricated using a series of 
photolithography and tailored Deep Reactive Ion Etch (DRIE) processing of silicon wafers 
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allowing 253 sprays/cm
2
 with an inner diameters (IDs) of 60 μm and outer diameters (ODs) of 
210 μm or 11,547 sprays/cm2 with IDs of 15 μm and ODs of 30 μm [91]. 
 
 
Figure 5.1 Electrospray fuel injector internal dimensions (in mm) [84] 
 
Figure 5.2 Electrospray for fuel injection [67] 
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